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1.0 SUMMARY 

1 e 1 Obiectives 

The objective of this program was to conduct a series of navi- 
gation and communications experiments on an ocean craft via the 
ATS-5 spacecraft over wide variations in latitude, longitude, 
elevation angle, and weather conditions, to provide the basis 
for demonstrating the feasibility of navigation and traffic 
control services via synchronous satellites, by correlation of 
the measured quantitative data with the theoretical expectations. 

1.2 Abstract 

A unique experiment is described in which L-band signals relayed 
by synchronous satellite were successfully used for navigation' 
and data communication for the first time. RF signals containing 
ranging modulation were transmitted from NASA's STADAN Station 
at Mojave, California, relayed through the ATS-5 synchronous 
satellite and received by two stations. One was stationary, 
located at the Applied Information Industries laboratory in 
Moorestown, New Jersey, and the other was marine mobile, installed 
on the Humble Oil & Refining Company's icebreaking tanker, 
S. S. Manhattan. This experiment demonstrated to a precision 
never before achieved the feasibility of position fixing by 
making range measurements between a fixed ground station, a ~ 

satellite in a known position and a moving platform on the sur- 
face of the Earth. Also notable in this experiment was the 
simultaneous transmission and reception of data communications 
on the ranging signal, Figure 1 depicts the experiment. 

The experiment took place during the S. S. Manhattan's Spring 
1970 Arctic Voyage, starting on March 31, 1970, when the S. S. 
Manhattan was docked at Newport News, Virginia, at latitude 37ON 
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FIGURE 1 ATS-5--ORION--Se S, Manhattan Experiment 
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and longitude 76.5OW. 
reference mode prior to sailing on April 3 ,  1970. From the 
sailing date through April 24, 1970, the experiment was con- 
ducted while the s. s ,  Manhattan traveled through wide variations 
of geography, weather and antenna angles of elevation to the 
satellite. The equipment utilized was capable of providing, 
high precision range measurements which were converted to 
navigational lines of position. The fact that only one satellite 
was available for these tests yielded data in terms of lines 
of position. When additional satellites become available, the 
intersecting lines of position will provide precision position 
data. 

The system was calibrated in a stationary 

The experiment was concluded on April 24, 1970, at latitude 73.5ON 
and longitude 6OoW. 
in later sections in terms of carrier-to-noise ratios of the 
signal, the precision of the system, a relative comparison of 
accuracy, the effects attributed to multipath and the quality 
of data transmission. The experiment used the ORION syst.em as 
developed by Applied Information Industries (AII) at Moorestown, 
New Jersey. This system consists of a modulator which generates 
a composite ranging and data signal, and one or more receiving 
stations which demodulate and track the received signal as 
relayed through the ATS-5 L-band transponder. A peculiar constraint 
is imposed on this sytem by virtue of the spinning of the satellite. 
ATS-5 is rotating at 76 rpm with its directional antenna sweeping 
the Earth with each rotation; unique receiving circuitry is 
thereby required to lock up and produce range measurements. The 
sweeping antenna pattern modulates signals transmitted to and 
from the satellite. The main lobe occurs for about 5% of the 
scan time, and for the remainder of the scan the signal is 
essentially nulled. 

The results and conclusions are described 
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The successful accomplishment of receiving ranging signals under 
the above conditions was made possible by the use of the ORION 

receiver. This receiver makes extensive use of digital tracking 
techniques to provide stable holding of the range measurements 
between samples of received signal from the spinning ATS-5 
satellite. These digital techniques, together with proportional 
error correction in the loop, assures rapid lock-up, made necessary 
by the burst transmission from the spinning spacecraft. The 
receiver is designed to receive and decode signals which have all 
of the useful energy in the side bands, making a more efficient 
system under conditions of marginal signal reception. The use of 
digital circuitry also makes the stability and reproducibility, 
of the receiver more uniform than those which rely heavily on 
analog circuits. 
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2.0 GENERAL DESCRIPTION OF THE EXPERIMENT 

2.1 Background 

Emphasis on L-band synchronous satellite navigation and comuni- 
cation concepts has been increasing over the past several years. 
The launching of the ATS-5 promised to afford the opportunity 
for many useful experiments to prove out the feasibility Qf 
L-band application. Due to the peculiar spinning mode of the 
ATS-5 following its launching, many of the planned experiments no 
longer appeared to be feasible. Until NASA-ERC, Cambridge, 
Massachusetts, undertook the sponsorship of the marine nav-com 
experiment described herein, the usefulness of the ATS-5 for 
this original intended purpose was in doubt. The successful 
completion of the tasks set forth in the NASA contract with Applied 
Information Industries (AII) has shown the feasibility of deriving 
useful data at L-band and has opened the way for a number of 
additional experiments for the future. 

The ORION receiving system which contains the unique modulation 
and demodulation scheme was demonstrated to lock-on and produce 
precision ranging information early in January of 1970. 
first demonstrations, refinements were added in the form of data 
communication capability, automatic range recording instrumenta- 
tion and other peripheral equipment which was essential to enabling 

Following 

operation on the mobile marine vehicle. 

2.2 Resume of Events 

The experiment was conducted on board the S. S. Manhattan by 
Mr. Richard Waetjen, Chief, Experiments Branch, NASA-ERC, Cambridge, 
Massachusetts; and by Mr. Orest J, Hanas, Project Engineer, Applied 
Information Industries, Moorestown, New Jersey. The experiment, 
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which lasted from March 30, 1970, through April 24, 1990, 
received ranging signals from ATS-5 from latitude 37ON and 
longitude 76 5OW through latitude 75ON and longitude 65OW, 
with the satellite elevation angle of 38O through le80, 
respectively. Figure 2 shows the route which the S, S. Manhattan 
followed. At the same time, a second ORION receiving system 
located at Applied Information Industries' laboratories in 
Moorestown, New Jersey, served as an "anchor" or reference sta- 
tion for data reduction obtained during the experiment. 

The following table describes briefly the sequence of events \ 

comprising the experiment. 

TABLE I 

RESUME OF EVENTS IN THE ATS-5--ORION--Sa S. MANHATTAN EXPERIMENT 
MARCH -JUNE 1970 

DATE : March 21 through March 25, 1970 

EVENT : Calibration* of the ORION system, including the two 
receivers and comparison of the relative stability 
of the two Rubidium frequency standards. 

DESCRIPTION: The two receiving systems, including the Rubidium 
frequency standards were evaluated and calibrated 
side by side at AI1 laboratories using the ORION 
modulated, ATS-5 transponded signals. 

The drift rate of the two Tracor Type 304B Rubidium 
frequency standards was determined. 

* NOTE: In order not to lose this calibration and continue the 
same drift of these two Rubidium frequency standards, both were 
kept ON for the duration of the experiment. The Rubidium frequency 
standard which was on the S .  S .  Manhattan was constantly connected 
(even during transport between installations) to a standby battery 
power supply which automatically and instantly provided power to 
it when AC power was interrupted. 
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F I G U R E  2 ROUTE O F  THE S. S .  MANHATTAN S P R I N G  1970 
ARCTIC VOYAGE 
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DATE : 

EVENT : 

March 31 through April 3, 1970 

In-port calibration of ORION receiving system on 
board the S. S. Manhattan at Newport News, Virginia. 
Comparison of this data was made with the lines 
of position (LOPS) data obtained at AI1 laboratory, 
Moorestown, New Jersey. 

DESCRIPTION: The ATS-5 ORION modulated signals were received for 
two hours each day. Both systems, i.e., on the 
S. S. Manhattan and at AII, Moorestown, were checked 
out, calibrated and sample data was fed into the 
computer program for determination of the reference 
lines of position. Ranging information from the 
S. S. Manhattan was called into AI1 by phone. The 
computer programs took the following data into 
account: range information from SSM and AI1 receivers 
(in order to take out the movement of the ATS-5), 
the ephemeris data of the satellite, the instability 
data of the frequency standards and the last firm 
reference point. 

DATE : April 3, 1970, through April 24, 1970 

EVENT : Gathering of navigation and communications data 
on board the S. S. Manhattan from Newport News,% 
Virginia, to the Baffin Bay, Arctic area. 

DESCRIPTION: ORION signals were received for 19 days. The 
duration of signal availability from ATS-5 was from 
2 to 7.7 hours a day, The ranging data was recorded 
every day on the S. S. Manhattan and the AI1 
laboratory. Each day the range data values were 
phoned in from S. S. Manhattan to AI1 (via the HF 
radio link) for initial LOP determination in almost 
real time. 
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Data channel converter  w a s  i n s t a l l e d  a t  t h e  Mojave 
S t a t i o n  on March 1 7 ,  1 9 7 0 ,  and t e l e t y p e  d a t a  w a s  
s e n t  from Mojave v i a  ATS-5 and received a t  AI1 on 
t h e  18 th ,  2 1 s t ,  22nd and 23rd of March 1970 .  

The vesse l  t r a v e l e d  f r o m  a l t i t u d e  37ON and longi-  
tude 76.5OW t o  l a t i t u d e  73.5ON and longi tude 6OoW, 
w h i l e  t h e  sa te l l i t e  e l eva t ion  angle  va r i ed  from 
38Oto 1 . 8 3 O ,  r e spec t ive ly .  
mul t ipa th  w e r e  noted and car r ie r - to-noise  ra t ios ,  
received frequency, and pulse  amplitude and dura t ion  
wererecorded a l l  through t h e  voyage. The e f f e c t s  
of weather w e r e  a l s o  recorded. 

T h e  e f f e c t s  of EM1 and 

Normally, a three-foot  diameter parabol ic  d i s h  
antenna was used, On April  7 and 8 ,  1 9 7 0 ,  on ly ,  
a two-foot diameter d i s h  was employed. Also, t h e  

p o s i t i o n  of t h e  S ,  S. Manhattan a s  determined by 
o t h e r  on-board systems w a s  noted each day. 

On Apr i l  1 2  and 13 ,  1 9 7 0 ,  the' ATS-5 s a t e l l i t e  w a s  
i n  a free-running mode having no modulation on t h e  
s igna l .  The s t r e n g t h  of the  s i g n a l  was monitored 
during these  two days.  

No equipment f a i l u r e s  occurred during t h e  voyage. 
A loose  cable  i n  t h e  second i n j e c t i o n  chain caused 
i n t e r r u p t i o n  of recept ion  f o r  1 6  minutes o u t  of t he  
62 .3  hours of recept ion  t i m e .  
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DATE : April 25 through June 10, 1970 

EVENT : Data reduction and preparation of the final report 

DESCRIPTION: The data which was recorded during the previous 
three events on board the S .  S. Manhattan and AI1 
laboratories was reduced and final report on the 
experiment was prepared. 

2.3 Summary of Results 

The following test results were obtained: 
a. 

b. 

C. 

d. 

\ 
Continuous and instantaneous ranging information was 
obtained through the ATS-5 L-band transponder using the 
ORION system. The receiver, after tuning to the satellite 
frequency, locked on the received signal within 100 milli- 
seconds of signal, or within two revolutions of ATS-5. 
Lines of position (LOPS) of S. S. Manhattan were deter- 
mined on the basis of the range information measured 
at the mobile and stationary ORION stations. Computer- 
aided methods were used to determine the lines of 
position and to take out the instabilities of the system. 
Precision to within 1% of lanewidth was measured. 
Ranging signals were continuously received throughout 
various weather and sea and ice conditions. All functions 
of the receiver operated properly over variations of 
satellite elevation angles from 38O to 1.8O. 
Signal strength was measured throughout the course of 
the 3,500-mile voyage. Small variations of signal 
strength ( 2  2 dB) had no effect on the ranging or 
communication functions of the ORION System. 
Effects attributed to multipath were noticed at high 
latitudes in solid ice and at l o w  elevation angles. 
Maximum degradation of signal strength due to these 
effects was 4 dB from peak. Only amplitude effects and 
no ranging, communications or lock-on effects were noted 
due to multipath. 
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2.4 

e. Good reception of data communications was achieved 
through the ORION--ATS-5 system at the AI1 laboratories 
on the four scheduled days. Data modulation was super- 
imposed on top of ranging modulation without adversely 
affecting either function. 

f. Accurate received frequency was measured on a daily 
basis. A drift of 500 Hz per hour to 100 Hz per hour 
of the ATS-5 L-band master oscillator was measured. 
Due to this oscillator shift and the satellite position 
drift, no doppler measurements on the moving platform 
were possible. 

for 750 hours continuously. The ORION modulated signals 
were received for 62.3 hours out of the 68.6 hours which 
were transponded. 6.1 hours of signals were not received 
due to blockage of the antenna by the ship's superstructure, 
and 0.2 hour of signals were not received due to a loose 
cable in the second injection chain of the receiver. 

h. No adverse effects on any of the functions of the ORION 
receiver were noticed due to weather conditions or due 
to geographical area variations. 

g. The receiver on board the S. S. Manhattan was ON 

Conclusions 

Three general conclusions resulting from this experiment are, 
presented below. A more detailed list of technical conclusions 
is contained in Section 9.  

a. L-band signal transmission via a synchronous satellite 
can produce precise and stable range measurements which 
are the foundation for precision navigation systems of 
the future. 
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b. The ATS-5 synchronous satellite, although presently 
in a spinning modep fulfills all essential requirements 
for feasibility experimentation to prove concepts in- 
volved in L-band position fixing experiments. Ad3ition- 
ally, data relaying concepts can also be demonstrated 
and evaluated, 

c. The relative simplicity of the equipment involved in 
this experiment leads to the conclusion that an un- 
complicated equipment complement involving simple pro- 
cedures is possible for widespread marine use in the 
future. This passive navigation system will provide 
instantaneous position fixing across broad areas of the 
globe at relatively low cost for each user, 

2.5 Recommendations 

The successful completion of this experiment on board the S .  S. 
Manhattan employing signals transponded through the ATS-5 satellite 
has produced the conclusions above and has led to the formulation 
of several broad recommendations for future programs. 

a. System Accuracy. Additional experimental work should 
be conducted under controlled conditions to assess the 
absolute accuracy of the L-band ranging system. These 
tests should concentrate on identifying and evaluating 
errors contributed by transmitting, receiving and 
transponding equipment. Evaluation of range measurement, 
stability) granularity and other hardware parameters is 
necessary to specify an optimum user system. 
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b. Multipath. The quantitative effect of multipath should 
be evaluated, particularly for future systems involving 
aircraft where multipath may have more severe effects. 
These experiments should use higher gain, remotely 
steerable antennas and additional receiving equipment 
as is necessary to separate the main signal from the 
multipath signal. Other platforms such as airborne 
vehicles and portable vans should be considered. 

c. Ionospheric Effect. Quantitative effects of the 
ionosphere and other signal path effects should be 
thoroughly understood. It is in order to evaluate 
these by means of comparative L-band and C-band trans- 
missions. To the extent that it is of interest, these 
results should be compared with VHF results obtained to 
date. 

d. Surveillance Applications. An experimental two-way 
nav-com system evaluation is recommended to enable 
evaluation of a two-way ranging capability. The two- 
way system has additional merit in ultimate requirements 
for data communications on top of the ranging signal. 

satellites should be conducted to confirm the capability 
of a user to establish his position under operatioqal 
conditions. Prior to the specification of an operational 
satellite navigation system substantial data must be 
accumulated on candidate approaches. User terminal costs 
in the aggregate will represent the major investment in 
the deployment of an operation system. Proper selection 

e. Position Fixing. Ranging from two or more synchronous 

of satellite parameters which directly affect user instru- 
mentation must emphasize minimum cost to the user while 
providing high reliability and simplicity in operation 
and equipment. We, therefore, strongly urge the conduct 
of position fixing tests to form the required data base. 
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3.0 LIST OF SYMBOLS AND ABBREVIATIONS 

The symbols and abbreviations which were used in this report are 
listed in this section. 

ERC 
AI1 
STADAN 
ATS-5 
ORION 
LOP 
ERP 
LAT N 
LONG W 
Az 
El 
C/N 

e 
A .  

z 
NMI 
TTY 
DPSK 
EM1 
RF I 
HF 
Nav-Com 
(J N 
EAf 
Ef 

Q (J 

AL * 
Om 

OR 

(J 
SP 

Electronic Research Center 
Applied Information Industries 
Space Tracking and Data Acquisition Network 
Applied Technology Satellite 5 
AII’s Navigation and Communication System 
Line of Position 
Effective Radiated Power 
Latitude North 
Longitude West 
Azimuth 
Elevation 
Carrier-to-Noise 
Change in 
Difference Angle 
Zulu time 
Nautical Miles 
Teletype 
Differential Phase Shift Keyed 
Electro-magnetic Interference 
Radio Frequency Interference 
High Frequency 
Navigational-Communication 
Error due to noise in the system 
Error due to frequency misalignment 
Frequency drift of the system 
Error due to quantization 
Mean path length 
Grazing angle 
Error due to multipath 

Error due to satellite 
Total Range Error 
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4.0 THE EXPERIMENT 

4.1 DescriDtion of the ExPeriment Setw 
Figure 3 shows a block diagram of the overall ATS-5--ORION--Sm S. 
Manhattan Marine Nav-Com Experiment. As was mentioned before, the 
system consisted of the ORION modulator at the Mojave STADAN’station, 
Barstow, California, a receiver at AI1 laboratories in Moorestown, 
New Jersey, which served as reference station and a receiver on the 
S. S. Manhattan, which was marine-mobile. Both receiving stations 
were nearly identical in equipment, both contained the ORION receiving 
system and the test equipment necessary to record and evaluate re- 
ceived signals. The individual test setups were arranged as shown in 
Figure 4 .  The equipment on board the S. S. Manhattan, shown in 
the block diagram, consisted of an antenna, adjustable tripod 
which was capable of supporting either the two-foot diameter or 
the three-foot diameter parabolic dish antenna. The azimuth and 
elevation angles were adjustable from 0 to 360° and -6O to +goo, 

respectively. The cable from the antenna to the ORION receiver was 
a 35-foot semi-rigid cable with approximately 2.5 dB of loss. The 
ORION receivers had a noise figure of 4.5 dB and predetection band- 
widths of 20 MHz in the L-band front end, 4 MHz in the first IF, and 
200 KHz in the second IF. The post detection bandwidth is 1.6 KHz. 
The ORION receivers obtained the reference frequency from a Rubid- 
ium frequency standard which was kept ON at all times. Standby 
power supplies with instantaneous switch-over capabilities were 
connected to the Rubidium standards in case a primary power failure 
occurred. The ORION receivers were connected to special data buffers 
which converted the data information obtained through the ATS-5 
satellite to a form which is acceptable for a teletype printout. 
Also, a range readout recorder was used on the S. S. Manhattan to 
record all the values of the range readout output. At the AI1 labora- 
tory, the range readout was directly converted to punched tape. Other 
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2-ft. or  3 - f t .  

T R I P O D  

ut 

F I G U R E  4 BLOCK DIAGRAM O F  THE EXPERIMENT SETUP 
ON BOARD THE S. S. MANHATTAN (AND A I 1  LABS) 
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equipments which were i n  support  of t h e  test se tup  are l i s t e d  i n  
Tables 11, I11 and I V .  The func t ions  of t h e  equipments a r e  also 
l i s t e d  i n  t h e  above mentioned t a b l e s .  

A more d e t a i l e d  d e s c r i p t i o n  of t h e  O R I O N  r ece ive r  system i s  qiven 
i n  Sect ion 7.0 of t h i s  r epor t .  The O R I O N  receiver system on board 
t h e  S. S. Manhattan u t i l i z e d ,  besides  t h e  3-foot d i s h  antenna, 
t h e  2-foot d i s h  antenna i n  o rde r  t o  eva lua te  t h e  e f f e c t  of broader 
beam and t h e  l o w e r  ga in  on the  2-foot d i s h ,  

Figures  5a through 5d show a series of photographs of t h e  a c t u a l  
O R I O N  system i n s t a l l a t i o n  on board t h e  S. S .  Manhattan. Figure S a  
shows t h e  i n t e r i o r  of  t h e  navigat ion room with t h e  O R I O N  systems 
i n s t a l l a t i o n .  Figure 5b shows t h e  antenna i n s t a l l a t i o n  and i n  . 
p a r t i c u l a r  t h e  2-foot d i s h  mounted with the  3-foot d i s h  s to red  nearby. 
The photograph w a s  taken on t h e  8 t h  of Apr i l  and shows t h e  antenna 
being pointed a t  1 8 O  e l eva t ion  angle.  
t he  antenna a t  approximately 3O e leva t ion  angle ,  which was t h e  
lowest optimum e leva t ion  angle  of t h e  experiment. (This corresponded 
t o  1.83O of  t r u e  s a t e l l i t e  e l eva t ion  angle  with ephemeris d a t a  being 
taken i n t o  account.  ) Figure 5d i s  a photograph of t h e  most 
marginal opera t ing  p o s i t i o n  of t h e  antenna a t  which t h e  O R I O N  

r ece ive r  w a s  funct ioning.  The car r ie r - to-noise  r a t i o  during t h i s  
d a y ' s  experiment was approximately 1 4  dB i n  1 . 6  MHz bandwidth. The 
antenna, as it can be seen from t h e  photograph, i s  poin t ing  in&o a 
"hole" i n  t h e  bulkhead, bu t  t h e  lock-on c a p a b i l i t y  of t h e  r ece ive r  
was not  impaired by t h e  low car r ie r - to-noise  r a t i o .  

Figure 5c i s  a photograph of 

Day-to-day p o s i t i o n  f i x e s  of t h e  S. S. Manhattan a s  they  w e r e  
ind ica ted  using o t h e r  navigat ion systems on board were a l s o  re- 
corded. (This information i s  contained i n  Appendix C,) 
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Figure 5a Figure 5b 

Figure 5c Figure 5d 

FIGURE 5 PHOTOGRAPHS SHOWING THE ORION SYSTEM 
INSTALLATION ON-BOARD THE S. S. MANHATTAN 
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TABLE I1 PERFORMANCE CHARACTERISTICS OF ORION SUBSYSTEMS 

1. 

2.  

3. 

4. 

5 .  

6. 

7. 

8. 

Antenna - %foot diameter parabolic, cavi ty  backed s p i r a l  feed, gain: 21 dB nom. 
Beamwidth: 17' nom. RHCP 
Antenna t o  Lyband amplifier cable loss:  
2 - f t .  d ia .  dish: Gain - 17 dB nom.; Beamwidth 25' nom. 

2.3 dB 

L-Band Front End - Center frequency: 1550 MHz; Bandwidth: +20 MHz 
Noise Figure: 4.5 dB, Gain: 24 dB @ISST MHz 
Local o s c i l l a t o r  frequency: 1480 MHz 
Local o s c i l l a t o r  power: 

F i r s t  I F  gain: 50 dB min., F i r s t  I F  bandwidth: +4 MHz 

4 t o  8 mw 
F i r s t  intermediate frequency: 70 MHz / 

- 
Second Mixer and Second IF:  Center frequency: 4 MHz 

2nd I F  bandwidth: +ZOO KHz 
2nd I F  gain (before-splitting): 
Noise level a t  output of 4 MHz I F  amplifier:  -10 dBm 

30 dB 

F i r s t  Inject ion Chain: Output frequency: 1480 MHz 
Output power: 6 mw min. 
Input frequency: 5 MHz and 1 MHz 
Input power: 10 mw and 20 mw, respectively,  derived 

from a Rubidium frequency standard 
(Tracor Model 304-B) 

Second Inject ion Chain: Output frequency: 66 MHz 
Output power: 6 mw min. 
Input frequency: 
Input power: 1 mw 
Input source: 

1 MHz or 3 MHz 
, 

TC-VCXO or Rubidium frequency standard 

Correlator: Input frequency: 4 MHz; Output: DC; Bandwidth: 1.6 KHz 
Externally adjustable threshold. 
100 milliseconds pos i t ive  response time. 

Adjusted fo r  approximately 

Correlation and Ranging Computer: Input frequency: 5 MHz 
Output frequency: 83,333 Hz, 8,333 Hz and 833 Hz 
Computes ranging information, controls phase lock- 
ing and tracking of s ignals  

Data Demodulator: Input frequency: 4 MHz; Bandwidth: 5 KHz 
Output: demodulated data pulses a t  4.5 characters per  

second rate, su i t ab le  f o r  processing i n  the data 
buffer,  and hence t o  be pr inted on the  te le type 
machine e 
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Navigation systems which were present and used on the S. S. 
Manhattan were the Transit satellite system, the Loran and the 
Omega navigational systems. Also, dead reckoning was used for 
position fixing at high latitudes in the Davis Strait and Baffin 
Bay area. Use of the sextant in shooting the sun for position 
fixes was also employed. 

Photographs of the appropriate signals recorded on the storage 
oscilloscope were taken to show the signal strength and pulse 
duration of the ATS-5 radiation. As mentioned previously, the 
photographs show the signal at the detected signal port of the 
ORION receiver front panel and also at the detected signal port 
of the HP 312A wave analyzer. 

4 . 2  Receiver Test Points 

The receiver contains five major test points on the front panel; 
they are: first injection chain test point, second injection 
chain test point, 4 MHz wide band test point (which allowed for 
the wide band characteristics of the receiver to be tested), 
detected signal test point (which allowed the performance of the 
receiver after the threshold has been broken to be tested), and 
4 MHz narrow band test point (implemented to provide an output after 
the signal was passed through the 1.6 KHz-wide band pass filters). 

Figure 6 shows a block diagram of the ORION receiver with special 
emphasis on the indicators, controls and the test points of the 
front panel. 

All the functions of these front panel items are described in 
detail in this section. All of the experimental data during 
the S. S. Manhattan project, of coursef was obtained through these 
indicators and test points. 
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c o u p l i n g  loss 
i n  b o t h  a n t e n n a s  

ORRELATOR 

NARROWEUiND 

4 MHz, W.B. 

DET. SIG. 

4 M H z ,  N . B .  

FINE TUNE 

F I G U R E  6 BLOCK DIAGRAM O F  ORION RECEIVER SYSTEM SHOWING 
TEST P O I N T S  AND FRONT PANEL CONTROLS 
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4 . 2 . 1  Variable  Receiver S e n s i t i v i t y  Function 

A v a r i a b l e  s e n s i t i v i t y  ( threshold)  c o n t r o l  w a s  implemented i n  
t h e  ORION r ece ive r .  This w a s  a manually v a r i a b l e  a t t e n u a t o r  
placed i n  t h e  4 MHz l i n e  a f t e r  t h e  second I F  ampl i f i e r  (shown i n  
Figure 6 ) .  

4 . 2 . 2  Ind ica to r s  

Sicrnal Threshold 

ON : Signal above threshold  f o r  1 0 0  m s  of a three- 

OFF : No s i g n a l  above threshold f o r  a t  l e a s t  2 4  seconds. 
second per iod.  

Burst  Reception 

Signal  th reshold  on and s i g n a l  above threshold  received. 

Phase Lock 

ON : N o  e r r o r  s i g n a l  generated by c o r r e l a t o r  f o r  1 . 2  

OFF : Error  s i g n a l  generated by c o r r e l a t o r .  
seconds 

Data - 
ON : Data received.  
OFF : N o  d a t a  received f o r  1 . 2  seconds. 

Power 

ON : AC power a c t i v a t e d  
OFF : AC power not  a c t i v a t e d  

Signal Threshold 

Rela t ive  s i g n a l  s t r eng th .  

Range 

Range from reference  po in t  t o  p re sen t  pos i t i on .  

Coarse mode < 97 nmi 
Medium < 9.7 nmi 

< - 9 7  nmi Fine - 
4-11 



Active l i g h t  i n d i c a t e s  frequency r e c e i v e r  expects .  

4 . 2 . 3  Controls  

Wide Band - Acquisi t ion 

4 0  cyc le  f i l t e r  i n  c o r r e l a t o r .  

N a r r o w  Band - Read 

4 cyc le  f i l t e r  i n  c o r r e l a t o r .  

R e s e t  

Returns automatic cyc le  t o  s t a r t  pos i t i on .  

Mode Se lec t ion :  

Auto : Receiver frequency cyc le s  
1 minute coarse  
1 minute medium 
8 minutes f i n e  
data channel a c t i v a t e d  235 minutes i n t o  cyc le  

I n i t i a t e d  by threshold  being surpassed. 

Terminated by loss of s i g n a l  f o r s a t  least  2 4  seconds 
or  completion of 10-minute cyc le .  

Coarse: Receiver frequency i s  8 3 3 . 3  H z .  

Medium: Receiver frequency i s  8 3 3 3 . 3  H z .  

Fine : Receiver frequency i s  8 3 . 3 3 3  KHz.  

D a t a :  Receiver frequency i s  8 3 . 3 3 3  KHz and d a t a  
channel i s  ac t iva t ed .  

Calibrate 

P1,ace desired reference  reading i n  thumbwheel switches.  

When l i g h t  ex t inguishes ,  RANGE should read des i r ed  
re ference .  

(Reference must be c o n s i s t e n t  w i t h  frequency, i..e.f 
<97 f o r  coarse ,  ~ 9 . 7  f o r  medium, <.97 f o r  f i n e . )  
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4 . 2 . 4  T e s t  P o i n t s  

1st I n j e c t i o n  

1480 MHz s i n e  wave 
22  dB below 

2nd I n j e c t i o n  

66 MHz s i n e  

4 MHz I F  

mixer i n j e c t i o n  level  

wave 

Out of l i n e a r  amp on doppler  channel.  Burst  of 4 MHz 

carrier. Bandwidth 1 KHz.  

Detected S iana l  

Rec t i f i ed  4 MHz carrier 

Data - 
Output of Data channel 

4.3 T h e  Conduct of t h e  Experiment 

A s  w a s  descr ibed  i n  Table I ,  t h e  experiment cons i s t ed  of t w o  major 
p a r t s :  (1) t h e  c a l i b r a t i o n  of  t h e  system a t  A I 1  l a b o r a t o r i e s  and 
a t  dockside a t  Newport N e w s ,  V i r g i n i a ,  from March 25 through 
Apr i l  2 ,  1 9 7 0 ,  and ( 2 )  t h e  conduct of t h e  experiment commencing 
on Apr i l  3 and ending on Apr i l  2 4 ,  1 9 7 0 ,  near  Thule, Greenland. 
During the  l a t t e r  pe r iod ,  t h e  ORION modulation w a s  transponded 
v ia  ATS-5 sa te l l i t e  on t h e  b a s i s  of f i v e  days a week, Tuesday 
through Saturday, and f o r  a du ra t ion  of between 2 and 7& hours 
a day. Each day t h e  following readings  w e r e  taken a t  both t h e  
A I 1  l abo ra to ry  and on board t h e  S. S. Manhattan: 

(1) Range readout  i n  n a u t i c a l  m i l e s  wi th in  t h e  lanewidth of 
t he  predetermined ORION modulation, i . e . ,  t h e  COARSE, MEDIUM 

o r  F I N E .  The range readout  w a s  d i sp layed  on t h e  numerical 
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display tubes on the front panel, and also the same infor- 
mation was fed to a digital recorder (printer) which printed 
out all the range values fifty times a minute. Also, the 
following information was printed out: 

Time in minutes since last reset (0-99). 

Mode information which indicated unequivocally the 
type of mode that the ORION receiver was in, i.e., 
COARSE, MEDIUM or FINE. 

The state of operation of the receiver, i.e., the 
information on threshold, the receiver phase lock and 
the reception of the data information was recorded 
continually in each mode. 

(See Appendix B for specific example.) 

Carrier-to-noise ratio in 1.6 KHz bandwidth was monitored 
constantly and recorded at points where new information 
about this condition was being indicated on the test instru- 
ments e 

IF frequency output was monitored at all times at the 
4 MHz wideband port. This measurement indicated the precise 
frequency at which the system was operating. 

Signal burst level and duration was detected at random and 
recorded on a storage oscilloscope and in turn photographed. 
Typical readings which were most informative were taken 
at 20 milliseconds per centimeter or 5 seconds per centimeter 
setting on the horizontal scale. 

Each day, prior to the day's experiment, the ORION system (in- 
cluding the power supply) was checked for normal operation and 
all readings, such as voltages, current and RF power levels, were 
recorded a 
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The weather conditions as well as observations relating to the 
state and stability of the ship were also noted and recorded. 
At the beginning of each day's experiment, the antenna azimuth 
and elevation angles were optimized to produce highest carrier- 
to-noise ratio. Ordinarily the 3-fOOt diameter parabolic dish 
antenna was used for the experiment except for two days. On the 
7th and 8th of April the 2-foot diameter antenna was used in 
order to discover the effects of wider beamwidth and lower gain 
of this antenna on the carrier-to-noise ratio due to possible 
multipath. Also during the last few days of the experiment, i.e., 
from the 19th of April to the 23rd of April, the elevation angles 
of the antenna were purposely misadjusted downward in order to 
discover and determine the effects of multipath as the signal 
was reflected off the solid ice. 

The modus operandi of a typical day was as follows. Just before 
the scheduled ON time of the ATS-5, the system was checked out 
for normal operation and the antenna was aligned to the optimum 
azimuth and elevation angle using the data of the ship's position 
and the ship's heading. When the ATS-5 signal came on, the O R I O N  

receiver indicated it immediately on the burst light and then 
the digital recorder was turned on. The carrier-to-noise ratio 
was determined on the spectrum analyzer at the narrowband I F  

(ice., 1.6 KHz bandwidth) port of the O R I O N  receiver. The HP 312A 
wave analyzer at the same time was connected to the 4 MHz wide- 
band port of the O R I O N  receiver and the deflection of the wave 
analyzer's front panel meter also measured the carrier-to-noise 
ratio in either the 1 KHz or 3 KHz bandwidth. The wave analyzer 
also measured the frequency at this port. The detected signal 
port of the ORION receiver was always connected to one of the 
two inputs into the storage oscilloscope, The other input of 
the storage oscilloscope was connected to the detected signal out- 
put port of the wave analyzer. These signal bursts were monitored 
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and recorded on the storage oscilloscope and then were photo- 
graphed if they contained interesting information, The ORION 
modulation cycle, as previously described, was set up to transmit 
one minute of COARSE lane information, one minute of MEDIUM lane 
information and eight minutes of FINE lane information. During 
the last six minutes of FINE lane information, the data trans- 
mission was taking place. The cycle started over again after 
the FINE lane information ended. The ORION receiver could be 
monitored in automatic or manual modes. 

In addition to the hard copy obtained from the digital printer, 
another data sheet was maintained where the summary of the range 
readings, the mode of the operation, the carrier-to-noise ratios 
and the frequencies were recorded., Other comments such as 
weather, the position of the ship during that day's experiment 
was also recorded on this data sheet. 

Each day after the period of signal reception was over, the 
data was summarized and phoned in to AI1 laboratories via the 
ship's HF radio telephone link. This data consisted of summary 
of the range readings, the ship's positions, heading and speed, 
as well as other observations such as the weather conditions. 
The information was fed into the computer program at AI1 laboratory 
for the determination of the lines of position of the S. S. 

Manhattan, taking into account at the same time similar data which 
was recorded at AII. Ephemeris information of the satellite and 
the various instabilities of the system were also taken into 
account in the process of determination of the LOPS. The ephemeris 
data for this duration of the experiment is listed in Appendix C. 
Appendix A gives full disclosure of the data reduction methods 
using the computer. 
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5.0 DESCRIPTION OF THE TEST RESULTS 

5.1 In t roduct ion  

The r e s u l t s  given i n  t h i s  s ec t ion  descr ibe  t h e  events  and measure- 
ments  taken on board t h e  s. s. Manhattan. The measurements taken 
a t  A I 1  l abo ra to ry  served only a s  re ference  and supplement, wherever 
appl icable .  

A s  t h e  S. S. Manhattan proceeded on i t s  journey from Newport 
N e w s ,  V i rg in i a ,  t o  t h e  Baffin Bay a rea ,  c e r t a i n  geographical zones 
proved t o  be more favorable  than o t h e r s  f o r  providing good d a t a  
f o r  t h e  var ious  o b j e c t i v e s  of t h e  experiment. Thus, t h e  following 
condi t ions preva i led  i n  two important areas of measurements: 

a .  Accuracy and l i n e s  of pos i t i on  (LOPS). The b e s t  and most 
meaningful d a t a  f o r  t h e  determination of LOPs and, hence, 
t h e  accuracy of t h e  system, was obtained during t h e  e a r l y  
p a r t  of t h e  experiment from Apr i l  4 ,  1 9 7 0 ,  through Apr i l  10, 
1 9 7 0 .  This w a s  due t o  the f a c t  t h a t  t h e  sh ip  w a s  i n  an 
area where good p o s i t i o n  f i x i n g  of t h e  sh ip  could be 
obtained from o t h e r  naviga t iona l  systems t o  serve  a s  
re ference  f o r  accuracy comparison. Also, EM1 and o the r  
i n t e r f e r e n c e s ,  such as power f a i l u r e s ,  w e r e  not  noted 
during t h i s  po r t ion  of t h e  voyage a s  they were noted 
during t h e  l a t t e r  p a r t .  (EM1 i n t e r f e r e n c e s  a r e  descr ibed 
l a t e r  i n  t h i s  r e p o r t . )  

b. Multipath effects w e r e  no t  not iced o r  measured during 
the  f i r s t  p a r t  of t h e  journey because the  antenna eleva- 
t i o n  angles  w e r e  too l a rge .  However, good and i n t e r e s t -  
ing mult ipath d a t a  was obtained when t h e  sa te l l i t e  
e l eva t ion  angles  w e r e  less than l o o ,  which was from 
Apr i l  9 through Apr i l  2 4 ,  1 9 7 0 .  
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Other parameters such as signal strength (carrier-to-noise 
ratio), pulse duration, received frequency and data communica- 
tions were considered to have no favorable time or area of per- 
formance and good meaningful data was obtained during the entire 
trip. 

Table V is a summary of data of the overall experiment of the 
ATS-5--ORION--S. S. Manhattan. This data was taken on board 
the S. S. Manhattan from March 31 to April 24,  1970. It lists 
pertinent information asit was obtained during each of the 
nineteen days of signals received through ATS-5. There were a 
total of 68.6 hours of satellite signal scheduled, of which 6 2 . 3  
hours were received on board the S. S. Manhattan. 6 . 3  hours of 
the signals were not received, mostly due to antenna blockage 
by the ship's superstructure. 

The ship's position listed in Table V is the ship's "official" 
one, which is usually listed at noon local time. It is given 
here for a general reference of the ship's position on that day. 
Appendix C gives a more detailed list of ship's position which 
was measured by other navigational systems on board. 

The ship's heading is listed in degrees when it was constant 
during the time of the experiment. The constant heading occurred 
when the ship was in open water. When the ship was in ice, 
the heading is marked as variable (Var.) because she was maneuvering 
in search of easier sailable ice areas. When the ship was station- 
ary (i.e., speed = 0) during the testing period then the ship's 
heading is indicated for the antenna azimuth alignment reference. 

The ship's speed is given as it was noted from the Transit system 
readings during the day's experiment. 
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TABLE VI 

TRUE ELEVATION AND AZIMUTH ANGLES FOR S. S. MANHATTAN 
FROM 4-3-70 THROUGH 4-24-70 

E 1 eva t ion  
From 
Horiz . 
Degrees 

Azimuth 
From 
True North 
Degrees Date - 

4-3-70 38.0 223.6 

4-4-70 35.9 226.3 

4- 7- 70 

4- 8- 70 

4-9 -70 

4- 10- 70 

4- 11- 70 

4- 14- 70 

15.7 241.3 

13.0 240.7 

9.6 239 .O 

6 .O 

5.0 

233.7 

232.21 

6.1 230.5 

4-15-70 

4- 16- 70 

4-17-70 

4 ~ 1 8 - 7 0  

4-2 1 - 70 

4-22-70 

4-23-70 

4-24-70 

6.0 230.6 

5.8 230.6 

230.0 6.1 

5 -6  229.1 

5.5 229 .O 

5.5 228.4 

5.24 228.61 

1.83 226.71 
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The antenna alignment lists the local antenna azimuth and 
elevation angle values as they were read on the respective 
antenna indicators. The true satellite azimuth and elevation an 
angles are listed in Table VI, The values in Table VI were 
obtained using a computer program which took into account ,he 
satellite ephemeris data, The carrier-to-noise ratio (C/N - dB) 
lists the range of measurements noted on the day indicated. The 
lower reading usually occurred due to antenna misalignment rather 
than due to some signal attenuating effect. 

5.2 Lines of Position (LOPs) 

Lines of position of the S. S. Manhattan were determined on the 
basis of range data obtained on the vessel during her voyage and 
at AI1 laboratory in Moorestown, New Jersey, Computer program 
was used to calculate the LOPs. All known factors and constraints 
which could affect the determination of the LOPs or their accuracy 
were taken into account. The most important factors were: 

a. Motion of the ATS-5 satellite (taken out by using 
AI1 lab's range reading as reference) 

b. Clock instabilities and alignment 

c. Noise and quantization 

(Other factors, such as ionospheric and multipath errors, are 
analyzed in detail in Section 6 of this report.) 

The discussion of the LOPs will be divided into the following 
subsections: 

First, the figures where the LOPs of each day are plotted 
will be discussed and described in detail; 

Second, the results shown in these figures will be summarized 
in terms of their accuracies; and 

Third, conclusions pertaining to range measurements will be 
drawn a 
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Figures 7 through 11 show plots of the LOPs of the S. S. Manhattan 
with latitudes and longitudes as y and x axes, respectively. These 
plots were made on the basis of the computer-aided determination 
of the lines of position 
Appendix B. 

The method of plotting the LOPs is as follows: 

whose detail printouts are given in 

1. 

2. 

3 .  

4 .  

5. 

Latitude-longitude grid is used and a scale adjustment 
is made for the longitude to approximately reflect actual 
latitude-longitude relationship for a given map area. 
Thus, Figures 7, 8 and 9 use a 1:l relationship between 
the latitude and longitude units and Figures 10 and 11 
use a 4 : 3  latitude to longitude, respectively, relation- 
ship. 

The plots were made by taking the REFERENCE LATITUDE 
(see Appendix B) for each day, locating the corresponding 
longitude intercepts and drawing the LOP at an azimuth 
angle which is specified for that intercept. The times 
of the LOPs are indicated on the graphs. 

symbol indicates the position fix of the ship as 
per other navigational systems on board, at the times 
indicated. These fixes were not necessarily determined 
by the same navigational system on the same day. 

In general, one day's LOPs were plotted, using solid 
lines and the following day's LOPs were plotted using 
dashed lines. 

All times indicated on the graphs are Zulu. 

Figure 7 shows the LOPs for April 3 and 4 ,  1970. On April 3 ,  
the S. S .  Manhattan was maneuvering out of Newport News, Virginia, 
port area and therefore the LOPs are bunched together. The next 
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day t h e  s h i p  w a s  i n  open water and moving approximately perpen- 
t o  t h e  LOPS, 

Figure 8 shows t h e  LOPs f o r  Apr i l  7 and 8 ,  1970.  During both of 
t hese  days t h e  s h i p  was i n  open waterpand t h e  re ference  p o s i t i o n  
of t h e  s h i p  was taken using Loran and T r a n s i t  systems. N o  i r regu-  
l a r i t i e s  w e r e  noted f o r  t h e  determinat ion of t h e s e  LOPs. 

Figure 9 i s  a p l o t  of t h e  LOPs f o r  Apr i l  9 ,  1 9 7 0 .  N o  LOP i r regu-  
l a r i t i e s  w e r e  noted. The p o s i t i o n  f i x e s  of t h e  sh ip  a t  1 2 0 0  2 

was according t o  Loran, a t  1225 Z w a s  according t o  T r a n s i t  and 
a t  1 2 4 4  2 w a s  according t o  Omega systems. The s h i p ' s  heading of 
004O on t h a t  day i s  a l s o  ind ica t ed  on t h e  graph by t h e  l a r g e  arrow. 

Figure 1 0  shows t h e  LOPs f o r  Apr i l  1 0 ,  11 and 1 4 .  On Apr i l  10 
t h e  LOPs which are shown rep resen t  a two-hour dura t ion  of range 
measurements. The l a s t  LOP i s  c a l l e d  ou t  a t  "2420"  r a t h e r  than 
t h e  c o r r e c t  "0020"  f o r  convenience of c o r r e l a t i n g  it with t h e  
computer p r i n t o u t  (given i n  Appendix B). 

The s h i p ' s  p o s i t i o n  a t  2140  (4-10)  was according t o  t h e  T r a n s i t  
system and a t  2417 ( i a e e ,  0 0 1 7 )  w a s  according t o  t h e  Omega system. 
LOPs f o r  Apr i l  11 and 1 4  a r e  q u i t e  regular  and i n d i c a t e  no 
anomalies i n  t h e  ranging system. The s h i p  w a s  i n  s o l i d  ice on 
Apr i l  1 4 ,  1 9 7 0 ,  and moving very slowly which i s  indica ted  by' 
t h e  s m a l l  d i s t ance  separa t ion  between t h e  LOPs a t  14282 and a t  
18312.  

Figure 11 shows t h e  LOP p l o t s  f o r  Apr i l  15,  1 6 ,  1 7 ,  1 8 ,  21 ,  2 2 ,  
2 3  and 2 4 ,  1 9 7 0 ,  The LOPs f o r  each. day a r e  c l o s e  toge ther  because 
of t h e  slow movement of t h e  sh ip  during t h e  t e s t i n g  per iod,  On 
4-21-70 and 4-22-70, only one LOP i s  p l o t t e d  €or  c l a r i t y  of t h e  
graph even though many w e r e  determined f o r  t h e  dura t ion  of t h e  
day ' s  tests,  
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Table VI1 summarizes the results which are plotted in Figures 
7 through 11 and listed in Appendices B and C. Because Table VI1 
contains reduced data, notes of explanation are given here for 
some of the columns. These notes are as follows: 

Note 1: "LOP Speed" is the speed (in knots) that the LOP is 
moving away from daily reference point. 

Note 2: "Ship's heading" and "ship's speed" define the ship's 
velocity vector and were obtained from S. S. Manhattan's 
other navigational systems. 

Note 3 :  "Difference Angle 8 "  defines the angle which exists 
between the perpendicular to the LOPS and ship's velocity 
vector (i.e. ship's heading). 
8 = (LOP az angle - 90°) k ship's heading (in degrees) 

Note 4: "ORION speed vector" is the ORION-determined velocity 
vector calculated using ORION LOP data, and is: 

LOP Speed 
cos 8 ORION Speed = (in knots) 

Note 5: This column lists the difference (in nautical miles) 
between the ship Is velocity vector (called "vector" 
in the column) and the ORION calculated velocity vector. 
This difference is calculated from the data in the other 
columns of this table. If the ship's velocity vector 
coincided in direction and magnitude with ORION velocity 
vector,. then the "ORION LOP difference" is noted as "0." 

Note 6: Special abbreviations used in this table are: 

Var. = variable 
N.A. = not applicable 

Other abbreviations are listed in Section 3 .  
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The following example i l l u s t r a t e s  t h e  method of c a l c u l a t i n g  t h e  
values  i n  Table V I 1  (da te  4-7-70). 

Given: LOP speed = 7.178 knots  
* from Appendix B 

! from Appendix C 

LOP angle  = 151.1° 1 

Ship ' s  heading = 004O 
S h i p ' s  speed = 1 2 . 2  knots )  

Solve f o r :  Difference angle  0 ,  ORION speed vec to r ,  and 
d i f f e rence  between t h e  magnitudes of t h e  ORION speed 
vec tor  and t h e  s h i p ' s  speed vec tor .  

North = Oo = Reference 

-Ship's  v e l o c i t y  vec tor  (004O head- 

0 = (LOP angle  - 90°) -004 = 57.1° 

(004  heading, 

i ng ,  1 2 . 2  knots)  

ORIONovelocity vec to r  I 
13.0 knots)  LOP angle  - goo 

vector  (061.1O 
eading, 7.178 knots)  

\ 

Magnitude of s h i p ' s  vec tor  = 1 2 . 2  knots  
Magnitude of ORION vec tor  = 13.2 knots  

Difference = +1.0 knots 
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The last column of Table VI1 lists the difference between ship's 
velocity vector and ORION velocity vector and is, in effect, a 
measure of accuracy of the ORION system. The reference point 
for each day is the position of the ship at the start of the day's 
experiment, and the day's LOPs are compared to that point. This 
method of relative accuracy determination was chosen because of 
the following reasons: 

a. 

b. 

C. 

d. 

The other navigational systems are not, according to 
their specifications, as accurate as the ORION system 
was calculated to be and, therefore, absolute accuracy 
comparison from day to day would be inconclusive. 

Absolute fixes were especially difficult in the Arctic 
regions. 

It was possible to accurately note the speed and heading 
of the ship for the duration of one day's experiment 
and thus determine the unperturbed velocity vector 
for one day. To do this in a continuing way from day 
to day was-impossible due to the many course and speed 
changes of the ship throughout the voyage. 

Random interruptions due to EM1 and primary AC power 
on the ship made the referencing on the previous day's 
data impossible. 

Figure 12 shows a plot of the last column of Table VII. +1.2 nmi 
on 4-10-70 is the largest relative difference between the ORION- 
determined LOPs and other systems' fixes, and 0 nmi on 4-9-70 
is the smallest. The trend of these differences indicates that 
the ORION LOPs were in the majority of cases ahead of the ship 
by an average of +0.336 nmi/day's experimentation.* 

* To arrive at this average, all the differences were added and 
divided by 14 (i.e. I the number of days). 
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This fact tends to indicate a small unaccounted for bias in the 
system. This bias may be due to accumulated difference in the 
frequency drift of the two Rubidium standards which were used -- 
one at AI1 and one on the S. S. Manhattan. Also, a small effect 
may be ascribed to the linear--rather than sinusoidal--interpolation 
between satellite ephemeris points. Linear interpolation was 
necessary because the ephemeris data was taken every 30 minutes 
only. It must be also recalled that the satellite position is 
known to within an ellipsoid of 1 x 1 x 2 km. Other sources of 
error are discussed in Section 6 of this report. 

5.3 Carrier-to-Noise Ratio 

Figure 13 is a summary of carrier-to-noise ratio which was measured 
during the experiment and is noted for each day. The receiver 
noise bandwidth was 1.6 KHz and the antenna was the 3-foot diameter 
dish unless otherwise indicated on the figure. The range of the 
carrier-to-noise ratio is plotted for each day and the satellite 
elevation angle is noted at the same time. This graph shows the 
fact that the carrier-to-noise ratio was higher at 1.83O elevation 
angle (up to 20.5 dB) than it was at Newport News, Virginia, at 
38 elevation angle (19 dB). This increase of the carrier-to-noise 
ratio is judged to be due to multipath enhancement at the low 
elevation angle. (Signal amplitude variations of k 2 dB from 
average due to multipath were measured. This aspect will be 
discussed later in the section.) It also clearly indicates the 
decrease in carrier-to-noise ratio when the 2-foot dish was used 
on the 8th and 9th of April, 1970. On April 16 the ATS-5 was 
operated in a 2-TWT mode as well as the 1-TWT mode. The carrier- 
to-noise ratio difference was 4 dB and was clearly distinguishable 
between the two modes. The range of the carrier-to-noise ratio 
values indicated on the graph are those which were noted during 

0 
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that day's testing. Wider fluctuations in carrier-to-noise 
ratios are noted for the latter part of the experiment because 
the low C/N ratios occurred when the antenna pointing was not 
optimum while the ship was turning or maneuvering in ice. The 
low values were recorded just prior to the readjustment of the 
antenna azimuth angle to a more optimum position. 

5.4 
Figures 14 through 17 show the actual photographs taken on board 
the S. S. Manhattan at the indicated outputs of the ORION receiver 
setup. The photographs were taken with a Polaroid oscilloscope 
camera and show the images which were recorded on the storage 
oscilloscope. The captions under each of the photographs are for 
the most part self-explanatory; however, some additional explan- 
ation is given in the following paragraphs. 

Figures 14a through 14d show signal strength and pulse width of 
the ATS-5 signal as it was received from April 4, 1970, through 
April 24, 1970, i.e., from approximately the position of 50 miles 
east of Atlantic City, New Jersey, to the Baffin Bay area in the 
Arctic. These figures are presented here to show clearly that. 
the pulse duration and the pulse amplitude signal at 35O elevation 
angle were almost the same as was observed at 1.83O elevation 
angle, The antenna sidelobes are present in each of the photo- 
graphs signifying that, again, the signal strength was high on 
4-24-70. 

Figures 15a through 15d show signals on the last day of the 
experiment, It was the farthest northern point at latitude 
73.S0N and longitude 59OW. The satellite elevation angle was 
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F i g u r e  1 4 a  Figure 1 4  b 

DATE: 4 - 4 9 7 0  TIME: 1 3 0 7 2  DATE: 4 -9 -70  TIME: 1 3 1 3 2  

HORIZ: 5 0  M s e c / c m  HORIZ: 5 0  M s e c / c m  
NOTES: Detected Signal  O u t p u t  

VERT: 0 - 2  V/cm MODE: F I N E  VERT: 0 . 2  V/cm MODE : F I N E  

NOTES: Detected Signal  O u t g u t  
sat .F,levation Angle 35 L1 9 0  S a t ,  E l e v a t i o n  A n g l e  9.6 

Figure 14c 
DATE: 4 - 1 5 - 7 0  TIME:  1 6 5 4 2  
IJERT: O e 2  V/cm MODE: F I N E  
HORIZ : 5 0  M s e c / c m  
NOTES: Detected S igna l  O g t p u t  

Sa t ,  E l e v a t i o n  Angle 6 

F igure  14 d 

DATE: 4 -24-70  T I N E .  00062 
VERT:: 0 . 2  V/cm MODE: FINE 
HORIZ: 5 0  M s e c / c m  
NOTES: Detected S i g n a l  O u t p u t  

S a t - E l e v a t i o n  A n g l e  1 . 8 3 O  

FIGURE SIGNAL STRENGTH AND PULSE WIDTH VS DECREASING SATELLITE 
ELEVATION ANGLE 5 - 2 4  



Figure 15 a F igure  15b 

DATE: 4 - 2 4 - 7 0  TIME: 00052 DATE: 4 -24-70  TIME:: 00062  
VERT: 0 . 2  V/Cm MODE: F I N E  VERT: 0 . 2  V/Cm MODE: F I N E  
HORIZ: 50 M s e c / c m  HORIZ: 50  M s e c / c m  
NOTES: Detected Signal  O u t p u t  N 0 T E S : D e t e c t e d  S i g n a l  O u t p u t  

E l e v a t i o n  A n g l e  1 ~ 830 E l e v a t i o n  A n g l e  1 . 8 3 O  
IF  a t t e n :  8 d B  I F  a t t e n :  5 d B  

Figure 15c Figure  1 5  d 
DATE: 4 - 2 4 - 7 0  TIME: 0 0 0 7 2  DATE: 4 - 2 4 - 7 0  TIME: 0 0 0 8 2  
JERT: 0 . 2  V/Cm MODE : F I N E  VERT: 0 , 2  V/cm MODE: F I N E  
HORIZ: 50  M s e c / c m  HORIZ: 50 M s e c / c m  
NOTES: Detected Signal  O u t p u t  

E l e v a t i o n  A n g l e  1 8 3 O  
I F  a t t e n :  2 d B  

NOTES: Detected S i g n a l  O u t p s t  
E l e v a t i o n  A n g l e  1 .83 
I F  a t t e n :  0 d B  

FIGURE 15 SIGNAL STRENGTH AND PULSE WIDTH VS I F  ATTENUATOR 
SETTINGS, ON THE SAME DAY, FARTHEST NORTH ( L a t  7 3 O N ,  

5 - 2 5  ng 590  W )  



1.83O. 
with t h e  v a r i a b l e  threshold  I F  a t t e n u a t o r  s e t t i n g  a t  8 dB. 
Figure 15b shows t h e  s i g n a l  b u r s t  with t h e  v a r i a b l e  threshold  
a t t e n u a t o r  s e t t i n g  a t  3 dB less than  i n  Figure 15a. Figure 15c 
shows an opera t ing  level with another  3 dB taken out  of thc,; I F  
path.  Af t e r  6 dB of I F  a t t e n u a t i o n  w a s  taken o u t  of t h e  c i r c u i t  
t h e  s i g n a l  d e t e c t o r  was overdriven,  producing rounded pulses .  
This w a s  done i n  o rde r  t o  examine t h e  antenna s ide lobes .  In  
Figure 15d t h e  opera t ing  level i s  with 0 dB I F  a t t enua t ion ,  i .e . ,  
t h e  threshold  s e t t i n g  i s  completely wide open. This s e t t i n g  
creates a pronounced rounding of t h e  t o p  of t h e  de t ec t ed  s i g n a l  
b u r s t  and c l e a r l y  shows t h a t  t h e  s i g n a l  b u r s t  i s  approximately 
1 0 0  mi l l i seconds  wide near t h e  t o p  of t h e  b u r s t  of t h i s  pa r t i cu -  
l a r  f i gu re .  It w a s  observed t h a t  t h e  pulsewidth w a s  approximately 
1 0 0  mil l iseconds ( a t  1 0  dB leve l  from t h e  t o p  of t h e  peak) through- 
ou t  t h e  voyage. 

Figure 15a shows t h e  normal ope ra t ing  level of t h e  receiver 

Figures  16a through 16d show t h e  s i g n a l  b u r s t s  when t h e  ATS-5 
used 2 TWTs and 1 TWT on t h e  same day (Apri l  1 6 ,  1 9 7 0 ) .  Figures  
1 6 a  and 16b have comparable s e t t i n g s  of t h e  r ece ive r  s e n s i t i v i t y  
(i.e.,  I F  a t t e n u a t o r )  f o r  t h e  2 TWT mode and 1 TWT mode, respec- 
t i v e l y .  Figures  1 6 c  and 16d are corresponding p i c t u r e s  with 
another  I F  a t t e n u a t o r  s e t t i n g .  

Figure 1 7  shows t h e  traces of t h e  peaks of pu lse  b u r s t s  which 
were taken from t h e  a c t u a l  photograph. T h i s  f i g u r e  compares t h e  
dura t ion  of t h e  sa te l l i t e  b u r s t s  as they were received on board 
t h e  S. S. Manhattan as she w a s  t r a v e r s i n g  sa te l l i t e  e l eva t ion  
angles  from 35.9O through 1.83O. 
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DATE : 
VERT : 

NOTES : 
HoRr z : 

FigureIb a 
4-16-70 TIME: 1506'7, DATE : 
0 2 V/cm MODE: FINE VERT : 
50 Msec/cm HORIZ : 
Detected Signal Output- NOTES: 
ATS-5 Emission: 2 TWTs 
IF attenuation: 0 d R  

Figure 14 b 
4-16-70 TIME: 14257, 
0.2 V/cm MODE: "IN? 
50 Flsec/cm 
Detected Signal Outout 
&TS-5 Emission: 1 ThT 
I F  attenuation: 0 dB 

Figure 12 c 
DATE:: 4-16-70 TIME:: 14582' 
VERT: 0 2 V/cm MODE: FINE 
HORIZ : 50 Vsec/cm 
NOTE~:Detected Signal Output 

2 Tb?Ts; IF atten: 7-0 dB 

Figure 15d 
?ATE: 4-16-70 TIME: 16227, 
VERT: 0.2 \7/cm MIDE: F I N E  
H O R I Z :  50 Ilsec/cm 
N0TES:Detected Signal Output 

1 TWT; IF atten: 7 dB 
FIGURE 16 SIGNAL STRENGTH AND PULSE WIDTH, 2 TWTs and 1 TWT 

ON THE SAME DAY 
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Satellite Elevation Angle 
35. go 

4-4-70 

Satellite Elevat.ion Angle 
9.60 

4-9-70 

Satellite Elevation Angle 
6.0' 

4-15-70 

FIGURE 17 PULSE 
ANGLE 

Satellite Elevation Angle 
1.83O 

4-24-70 

Satellite Elevation Angle 
1.83O 

4-24-70 

WIDTH AND AMPLITUDE VS SATELLITE ELEVATION 
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5.5 MultiPath 

Figures  18a through 18d show what i s  judged t o  be specular  and 
d i f fused  mult ipath e f f e c t s  over water and over ice  on t h e  high 
seas .  The t o p  t r a c e s  on each p i c t u r e  show t h e  output  of t h e  
threshold  s i g n a l  d e t e c t o r  of t h e  ORION r e c e i v e r  and t h e  bottom 
traces show t h e  output  of t h e  d e t e c t o r  of t h e  HP 312A wave 
analyzer .  A s  descr ibed before ,  t h e  wave analyzer  was connected 
a t  t h e  4 MHz wideband IF p o r t  and e s s e n t i a l l y  monitored t h e  same 
s i g n a l  as t h e  threshold  d e t e c t o r .  However, both traces w e r e  
recorded on t h e  osc i l loscope  as a double check of t h e  measuring 
method. I t  must be noted here  t h a t  t h e  ho r i zon ta l  t i m e  s c a l e  
s e t t i n g  of t h e  osc i l loscope  i s  5 seconds p e r  cent imeter  and each 
cent imeter ,  t h e r e f o r e ,  r ep resen t s  approximately 6 b u r s t s  of t h e  
ATS-5 s i g n a l .  The v e r t i c a l  scale s e t t i n g  was c a l i b r a t e d  t o  be 
3 dB pe r  cent imeter .  Figure 18a shows a 50-second recording of t h e  

s i g n a l  b u r s t s  when t h e  sh ip  w a s  moving through open water. The 
water su r face  on t h a t  day w a s  r e l a t i v e l y  rough with white caps 
appearing on t h e  sea. Variat ion i n  t h e  amplitude of t h e  de tec ted  
s i g n a l  shows up t o  be about 4 dB and i s  surmised t o  come from 
two sources:  (1) from t h e  p i t c h  and r o l l  of t h e  sh ip ,  which w a s  
approximately 6O on t h a t  day, causing a v a r i a t i o n  of t h e  d i r e c t  
s i g n a l ,  and ( 2 )  from t h e  mul t ipa th  as t h e  s h i p  r o l l e d  and forced 
the  antenna t o  po in t  i n t o  t h e  sea. The antenna e l eva t ion  angle  
w a s  6.1°. 
s i g n a l  b u r s t s  when t h e  sh ip  w a s  stopped i n  calm water.  Figure 18d 
shows a comparable trace of s i g n a l s  which w e r e  recorded when t h e  
sh ip  wasstopped i n  t h e  area of t o t a l  ice coverage. 

Figure 18b on t h e  o the r  hand shows s teady de tec ted  

Figures  19a through 19d show t h e  detected s i g n a l  traces comparable 
t o  Figures  18a through 18d. However, i n  t h i s  por t ion  of t h e  experi-  
ment t he  e l eva t ion  angle  of t h e  antenna w a s  purposely va r i ed  between 
+5O, which w a s  t h e  optimum antenna adjustment f o r  t h a t  day, and -4O. 
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Figure 18a Figure 18 b 
DATE: 4-10-70 TIME: 12002 DATE: 4-11-70 TIME: 12472 
VERT: O.2V/cm=3dB/cmMODE: FINE VERT: Oe2V/cm=3dB/cm MODE: FINE 
HORIZ: 5 sec/cm Sat. El. Angle=6.1° HORIZ:5 sec/cm Sat. El. Angle=5.0° 
NOTES: Top: Det.Sig.Output (ORION) NOTES: Top and bottom same as 18a 

SHIP STOPPED IN CALM-WATER Bottom: Det.Sig.Output(HP312A 

SHIP MOVING THROUGH ROUGH WATER 
Wave Analyzer) 

Figure 18c 
DATE: 4-11-70 TIME: 10482 
VERT: 0,2V/cm=3dB/cm~lODE: FINE 
HORIZ: 5 sec/cm Sat.El.Angle = 5-0 
NOTES:: Top and bottom same as 18a 
SHIP MOVING THROUGH ROUGH WATER, PEAKS 
TO VALLEYS UARIATION IS 3 dB. 

0 

Figure 18 d 
DATE 4-15-70 TIME: 14202 
VERT: 0.2V/cm=3dB/cMODE: FINE 
HORIZ : 5 sec/cm Sat El .Angle=6 Oo 
NOTES: Top and bottom same as 18a 
SHIP STOPPED IN ICE, STRONG SIGNAL 

FIGURE 18 MULTIPATH EFFECTS OVER WATER AND OVER ICE 
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Figure  19a 

DATE: 4-23-70  TIME: 1 4 5 4 2  
VERT: 0 . 2  V/cm MODE': F I N E  
HORIZ: 5 sec/cm 

F igure  1 9  b 

DATE: 4 -23-70  TIME: 
VERT: 0 .2  V/cm MODE : 
HORIZ: 5 sec/cm 

NOTES: Top: D e t .  S igna l  O u t p u t  (ORION) NOTES: Top and bottom same 
Sa te l l i t e  E l .  A n g l e  B o t t o m :  D e t .  S i g n . O u t p g t ( H P 3 1 2 A )  

Sa t e l l i t e  El . A n g l e  +5 

1 4 5 5 2  
F I N E  

as &9a 
+2 

Figure 19c 

DATE: 4 -23-70  TIME: 1 4 5 7 2  
VERT: 0 .2  V/Cm MODE: F I N E  
HORIZ: 5 sec/cm 
NOTES: T o p  and bottom sage as 19a 

S a t .  E 1 . A n g l e  -1 

F igure  1 9  d 

DATE: 4-23-70  TIME: 1 4 5 9 2  
VERT: 0.2 V/cm MODE: F I N E  
HORIZ: 5 s e c / c m  
NOTES: Top and bottom samg as 19a 

Sat ,  E l .  A n g l e  -4 

FIGURE 1 9  CONTROLLED MULTIPATH EFFECTS OVER I C E ,  SAME DAY 
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The four photographs shown in Figure 19 were taken within 5 
minutes of time. The vessel was moving on a steady heading and 
the speed of the vessel was approximately 2 knots. The surface 
of the ice was solid and ruffled with ridges. The carrier-to- 
noise ratio during this specific test was measured to be 26.5 dB 
in 1.6 kHz bandwidth. (This was the highest carrier-to-noise 
ratio recorded during the whole experiment and apparently is 
due to multipath enhancement.) All four photographs were taken, 
during the same FINE mode of the cycle. Figure 19a shows a 
steady stream of satellite signal bursts at +5O antenna elevation 
angle. The top trace which served as the refernece for all other 
photographs was taken at the detected signal output of the ORION 
receiver, the bottom trace was taken at the detected signal 
output of the HP 312A wave analyzer. The missing bursts on the 
bottom trace of Figure L9a were probably caused by the functional 
misfiring of either the 312A or the scope's tube memory coding. 
Figure 19b shows the detected signals when the antenna elevation 
angle was adjusted to +2O. The top and bottom traces again are 
comparable to top and bottom traces, respectively, of Figure 19a. 
All the settings were identical to Figure 19a as they will be in 
Figures 19c and 19d. (The horizontal time scale is 5 sec/cm and 
vertical amplitude scale is 3 dB/cm.) It is by now apparent 
that ripples occur in the stream of bursts and are assumed to 
be caused by multipath. In Figure 19c, the antenna elevation 
angle was adjusted to -1' (i.e., below the reference horizon) 
with all other settings remaining the same. In Figure 19d, the 
antenna elevation angle was adjusted to -4O.  

3-fOOt dish in all cases which has a beamwidth of approximately 
17O at the 3 dB points. 
tude burst was approximately 4 dB lower than the highest amplitude 
burst. Because the amplitude of the bursts varied during the 
same 50-second period, it is judged that the variations were 

The antenna was the 

Figure 19d shows that its lowest ampli- 
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due to multipath effects and not due to the misalignment of the 
antenna elevation angle off its beam center. Figure 20 is a 
summary of the events that took place in Figures 19a through 19d. 
These traces show only the peaks of the bursts. 

The variations of the amplitude of the signal due to multipath had 
no detectable adverse effect on the ranging function of the ORION 
receiver. The ORION receiver remained locked onto the modulation 
at all times and the ranging information contained no apparent 
errors due to this condition. (See Section 9.0 on Error Analysis 
for predicted error due to multipath.) This fact can also be 
supported by the amplitude modulation of the burst itself which 
was caused by the data transmission over the ORION--ATS-5 link. 
This fact is shown in Figure 21 where 4 3  Hz amplitude modulation 
appeared superimposed on top of the burst during the data trans- 
mission. The range information, that is, the range readings, 
were not affected by this superimposed modulation. 

5.6 Data Channel 

On April 17 the ORION Data Buffer B-701 and a teletype unit were 
installed at Mojave STADAN in conjunction with the previously 
installed ORION Modulator M-701 with the L-band equipment. Tele- 
type data was superimposed on the FINE ranging tone modulation 
by these units and data communication tests were conducted on 
April 18, 21, 22 and 23. These teletype messages were success- 
fully received at the AI1 laboratories on all of these days. 
(meaningful data communication was not received aboard the 
S. S. Manhattan because of improper data buffer circuit config- 
uration. ) 

Samples of the received data TTY printouts for two of the four 
days of testing are shown in Data Sheets A, €3, C and D. As 
illustrated, the received data is very readable and intelligible 
but does contain some errors. 
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Q 
3 
4 
\ 

!! 
P 

SATELLITE ELEVATION +So 

s o  $be 
SATELLITE ELEVATION +2O 

c 

SATELLITE ELEVATION -lo 

0 SATELLITE ELEVATION -4 

FIGURE 20 MULTIPATH EFFECTS 
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DATE: 4 - 1 8 - 7 0  TIME: 1.5072 
VERT:  0 .2  V / c m  MODE: FINE I 

H O R I Z :  50 M s e c / c m  
NOTES: D e t e c t e d  Signal  O u t p u t  ( O R I O N )  

Sa te l l i t e  Elevation A n g l e  5.6O 
4 3  Hz modulation on top  of F I N E  b u r s t  

F I G U R E  2 1  SUPERIMPOSED MODULATION DUE T O ' D A T A  

T R A N S M I S S I O N  ON T O P  O F  F I N E  MODE MODULATION 
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DATA SHEET A 
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If, TWENTY-THI-RD . _  

FIOOFN F I F T Y  ZULU 
MO JAVE S-TADAii 

APPLI ED I; NFORlriAI 0 I f i IDUSTd1 ES 

MOORESTOVN NEW JEflSEY 

AND SS MAn'HTDAiV 

OFiIOhl 3ECEIVER DATA TRKNS16iI S S I b X  EXERCI SZ 

ABCDEFGHI J ~ L M N O P Q R S T U V O ~ ~ ~ X Y Z  

mzm 
FAST Ea: 

ABCDEFGHI JKLt~NOPQPSTUVOOG 

2 AT A TLKE RAPIDLY: 

AA BB CC EE FF GG HH 11 JJ KX LL NX Ni\l 00 PP QGL RR SS TT WU OOFF 

W X Y Z Z  

11- 22 33 44 .55 66 7'1 88 ,539 00 

4 AT A T I M E  RAPIDLY: 

11 2282 3232 44CK555 6666 7776 8888CCi@ 919b 0000 

. .  END 

DATA SHEET B 
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TWENTY-THI i i D  

FIFTEEN HLTNDHED Z U L U  

MOJAVE STADAN 

TO: 

. APPLIED INFORi%U IWDUSTFiIES 

0 RES T O?i: it1 9 NEW J E ii S EY 
AYD SS I.IA?VHATTAN 

BIG LOCAL BAFiSTOiG POLITICAL ISSiJE AT PRESENT I S  bT-iETHZ:ii TO 
AtLOV A TOPLESS BAA Ii\l TObiN. TtiE EDITO3ZIN.S  I N  THE LOCAL 

NEWSPWIW AilE Q U I T E  AMUSING. MOTHEND CLERGY AR9 ASKING 

kHX ANY NZGl FORN OCCtr#  ENT-Ei-tTAINSENT I S  NEEDED FOR THE BOYS AT 

CAN? IRUIN- AFTER kXL THZY HAVE TWO K O V I E S  A i D  "XOOGOOD 

F O U ~  FINE YOUNG CHILDXX I D O W T  WANT TO BE INFL'JZNCED m 
.PRURIE;\iT INTEi3ESTS" ASKS: TI RST TOPLESS$ TiiEN EOTTOXLESS, 

AX8 SONN - S O O N  LHAT ELSE?" 

END 

DATA SHEET C 
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-TENT-THIRD 

FTEZN TEN Z U L U  

XOJAVE STAD&? 

NFOiU4ATI ON I NDUSTRI ES 

OORESTOWNs NEW JEHSEY 

D * S @AKALVtIATI"TAi - 
QKf ON RECEIVER DATA TiXkXdSPiISSIOOZERCISE 

ABCDEFGHP JiCLWBP QRS'K'ilVUXYZ 

0123456789;?I+-XS 

THE W I C K  BROFd'N FOX JUXPS OVER THE LAHAOG 

AFXDEFGkiXKLi4NOP QR3TUilUXYZ 

3456789 e;? 3+-XB 

bKESSAGE SEN AT ABOUT 2 

CUTTING OUT EAHLY T H I S  TIKE 
END 

8/2 GHAH/SECe 

FOR COFFAE AND NECESSITIES 

DATA SHEET D 

5-39 



A count of the errors contained in the four sample messages 
was made. The messages contained 18, 75, 31 and 24 character- 
istic errors, respectively. Since each character is made up of 
8 bits, the corresponding bit error rates are 1 x 
2 x 

5 x l f 3 ,  
and 2.5 x lom3, respectively. 

These error rates indicate that the data channel was not operating 
at the theoretical error rate for D P S K  channel with a 12 dB 
carrier-to-noise ratio. 

Further examination of the data channel verified this fact. This 
examination showed that character errors were originating in the 
receiver, being caused by the signal threshold pulses. This 
problem has been corrected. 

Additional inspection of the data channel also indicated that the 
data rate 1.667 Kbs was not compatible with the 1.6 RHz correlator 
channel filters. When the data signal contained a long string of 
"0"s (which causes square wave modulation of the RF signal and 
suppressed carrier far D P S K )  the signal energy passing through 
these narrowband crystal filters is reduced. This reduction can 
be noticed in photographs in Figure 21. The message from the 
transmitter repeats every 24 ms, thus causing the apparent 4 3  H z  
modulation rate. 

5.7 

Received frequency was measured at both receiving stations--AI1 
and S. S. Manhattan. Appendix D lists all the readings which 
were taken on S. S. Manhattan using the wave analyzer ( H P  312A) 
in the phase-lock mode and connected to the 4 MHa wideband port 
(test point) of the ORION receiver. The values shown in Appendix D 

indicate the upper sideband of the 4 MHz carrier when the system 
was in FINE mode. The values measured on 4-3-70 and 4-4-70 are 
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p l o t t e d  i n  Figure 2 2 .  A s  can be seen from t h e  f i g u r e ,  t h e  received 
frequency w a s  on t h e  low s i d e  of t h e  expected 4083.33 KHz most of 
t h e  t i m e .  N o  adverse e f f e c t  on t h e  performance of t h e  r ece ive r  w a s  
no t iced  because of t h e  s l i g h t l y  d i f f e r e n t  received frequency. An up- 
ward d r i f t  t r end  i n  t h e  frequency can be seen f o r  each d a y ' s  experiment. 

Comparing t h e  corresponding days of t h e  received frequency measured 
a t  A I 1  and on S .  S. Manhattan, it can be seen t h a t  t h e  two measure- 
ments are i n  c lose  agreement. The almost i d e n t i c a l  frequency d r i f t  
which was measured on both t h e  moving vesse l  ( 1 6 . 2  knots  on 4-4-70) 

and t h e  non-moving rece iv ing  s t a t i o n  a t  A I 1  proves t h a t  t h e  doppler 
s h i f t  due t o  s h i p ' s  motion w a s  swamped ou t  by t h e  received frequency 
d r i f t  which i s  mainly due t o  t h e  ATS-5 L-band master o s c i l l a t o r  o f f s e t . *  

5.8 In t e r f e rences  
EM1 and o t h e r  i n t e r f e r e n c e s  such as primary power i n t e r r u p t i o n s  w e r e  
p resent  during t h e  voyage and had a measurable effect  on t h e  per- 
formance of t h e  receiver. 

The EM1 was mostly due t o  t h e  high power H F  t r a n s m i t t e r  on board 
t h e  S. S. Manhattan and t h e  a s soc ia t ed  equipment with it such a s  
t h e  TTY converter  and power switching mechanisms. The EM1 was 
found t o  be almost always conductive through t h e  power l i n e s  and, 
hence, through t h e  power supply of t h e  ORION rece iver .  It should 
be noted, however, t h a t  t h e  S. S. Manhattan c a r r i e d  unusually 
powerful t r a n s m i t t e r s  with up t o  3 kW emission which i n t e r f e r e d  
w i t h  o the r  e l e c t r o n i c  equipment on board. (It rendered one 
osc i l loscope  i n  the  r ad io  r e p a i r  room inopera t ive . )  The power 
l i n e s  i n t o  t h e  navroom where t h e  ORION i n s t a l l a t i o n  w a s  loca ted  

* T h e  average d r i f t  rate of t h e  ATS-5 L-band master o s c i l l a t o r  
i s  between 1 0 0  Hz/hr t o  500 Hz/hr depending on length  of t i m e  
t h a t  t h e  s a t e l l i t e  has  been ON. I n i t i a l  o f f - s e t  i s  4 0 0 0  Hz from 
nominal a f te r  one hour of ON t i m e ,  and 800 Hz a f t e r  t e n  hours of 
ON t i m e .  The i n i t i a l  o f f s e t  was cor rec ted  f o r  by STADAN by using 
a frequency synthes izer  a s  t h e  bas i c  frequency e x c i t e r .  N o  cor- 
r e c t i o n s  f o r  t he  d r i f t  w e r e  made during t h e  d a i l y  experiments. 
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I I 

FIGURE 2 2  RECEIVED FREQUENCY VERSUS TIME 
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contained a special filter-transformer for the protection of 
the equipment. Thus, the ORION receiver was protected against 
burn-outs. 

The effects were detectable in the range determination where 
the range readout changed everytime an especially powerful random 
pulse of EM1 would get into the reference counter of the computer 
subsystem of the ORION receiver. 
was interrupted (just the same as it would be interrupted by a 
power failure) and the range readout indicated a different position 
within the lanewidth from the previous last position. This type 
of erroneous indication was readily detectable in the COF.RSE mode 
(lane) of operation. 

This meant that the phase tracking 

During the 62.3 hours of signal reception, which consisted of 
374 m o  d e cycles, there were 41 "lane change" interferences 
of the EM1 type which calculates to be 10.9% of the total. 

This means that 10.9% of the time during which the ranging infor- 
mation was being gathered the phase reference was interrupted. 
Due to the presence of this type of interference and also to pri- 
mary power failure (which occurred 3 times during the trip while 
the signal was not on) the determination of LOPS was referenced 
to the vessel's daily position fixes from other navigation systems. 
This problem can be and will be solved in future models by b'etter 
filtering of the power lines and/or by providing standby power 
supplies not dependent on the available AC power. In operational 
three-satellite navigational systems, problems of this type will 
be minimized because reference will be continually updated from 
the satellites, As mentioned previously the Rubidium frequency 
standard was provided with a standby battery power supply which 
automatically supplied the power in case of the primary power 
failure. 
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6.0 ERROR ANALYSIS 

We are concerned in this section with estimating how well the 
tests demonstrated accurate navigation with the ORION system over 
large variations of latitude, longitude and elevation angles. 

Measurements of navigation accuracy can be made by comparing 
the measured position with a more accurate measurement standard. 
Since there is no known standard more accurate than ORION operating 
in the Arctic, the direct measurement of system accuracy is not 
feasible. It can only be referenced to available on-board navi- 
gation systems. The direct measurements of accuracy should be 
done in the near future by comparison with precise radar positions 
or with well defined optical or map systems. 
comparisons are the only contemplated accuracy measurements. 

* 

Relative navigation 

The overall systems error will be derived from a comparison of 
the known motion of the ship and the motion.of the lines of 
position over a period of time. 

Noise error will be determined from the repeatability of successive 
range measurements again over a short time base. Clock instability 
errors will be estimated from theoretical and, when known, 
measured data. 

6.1 Overall Systems Errors 
While a more complete description of the derivation and analysis 
of the measured lines of position is given in Appendix A a compari- 
son of ship's motion with successive lines of position will be 
made. The results are relative over the span of LOPS and such factors 
as ionospheric, tropospheric, long-term clock stability, and align- 
ment errors are not apparent in these measurements since these 

* The Transit navigation system was not always able to get a 
positive position fix at high latitudes, 
fact that the Transit satellites were close to one another in 
their orbital position and the receiver did not have ample time 
to acquire and process fixes from two consecutive satellites. 

This was due to the 
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factors are expected to be slow functions of time and the measurement 
time interval is short, The extension of times of observation was 
prevented by power interruptions and radio frequency interference 
on the S. S. Manhattan. 

Selection of data on days when no RFI and ship!s power failures 
interrupted the system was made and a comparison of lines of 
position and expected motion of lines of position are shown in 
Tables VI11 and fX. One day the ship was stopped in the ice, and 
on the other day the ship was moving at constant velocity. 

6.2 

There are a number of factors in the system that prevent perfect 
measure of position. These perturbations are internal (machine) 
errorsr external (environmental) and geometric errors. A list 
of important error sources is as follows: 

(a) Internal Errors 
(1) Noise 
(2) Clock Stability 
( 3 )  Alignment 
(4) Quantization 

(b) External Errors 
(1) Multipath 
(2) Ionospheric Delay 
( 3 )  Tropospheric Delay 

(1) Satellite Position Uncertainty 
(2) Geometric Dilution 

(c) Geometric Errors 

6 e 2 e 1 Internal Errors 

Noise 
The error due to noise can be calculated from the relation 
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TABLE VI11 

S. S. MANHATTAN DEAD IN THE ICE - 1 4  APRIL 1 9 7 0  

z 
Time - 

1 4 2 8  

1 4 3 8  

1 4 4 8  

1 6 3 0  

1 7 3 0  

1 8 3 0  

s .  s .  

2 
Time 

1 2 3 0  

1 2 4 0  

1 2 5 0  

1 3 0 0  

1 3 1 0  

1 3 2 0  

1 3 3 0  

1 3 4 0  

1 3 5 0  

ERROR ANALYSIS 

LOPs from Apparent Measured Distance Apparent 
Motion of the Ship between LOPs Error 

Reference Position 

0 

0 

0 

0. 

0 

07 

.20 

a 09  

.79  

.20  

+126 meters 

+360 

+162 

4-1420 

4-360 

TABLE rx 
MANHATTAN COURSE 055O, SPEED 1 6 . 5  KNOTS - 4 APRIL 1 9 7 0  

ERROR ANALYSIS 
LOPs from Apparent Measured Distance Apparent 
Motion of the Ship between LOPs Error 

Reference Position 

2 .70  nmi * ( 5 0 0 0  m) 3.60 nmi +1620 meters 

2.70 3 .34  +1150 

2.70 3.64 +1698 

2.70 1 . 0 9  -2910 

2.70 3.36 i -1160  

2 .70  2.94 + 422  

2.70 2.95 f 430  

2.70 3 . 3 1  +1100 

* One nautical mile = 1 8 5 2  meters 
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where W i s  t h e  narrowest e f f e c t i v e  l ane  width and S/N i s  t h e  
system s i g n a l  t o  noise  r a t i o .  

The average s i g n a l  t o  noise  r a t i o  i n  t he  1 6 0 0  Ha f i l t e r  w a s  1 6  dB. 
Af te r  t h e  sample and hold f i l t e r  has been gated on f o r  25  m s ,  
t h e  minimum t i m e  t h e  system i s  expected t o  have a s i g n a l  a v a i l a b l e  
during one r o t a t i o n  of t h e  s a t e l l i t e ,  t h e  2 0  samples w i l l  provide 
an improvement of  s i g n a l  t o  noise  of 1 4  dB and t h e  in t eg ra t ed  
s i g n a l  t o  noise  r a t io  i s  30 dB a t  the  4 0  Hz f i l t e r .  

The noise  e r r o r  i n  t h e  minimum lane  width ( 0 . 9 7  nmi = 1800 m )  
i s :  

= 2 0  m - 1800 
2 ON - 

The noise  error i n  t h e  wides t  l ane  width (97  nmi) i s :  

= 2,000 m = 1.08 n a u t i c a l  m i l e s  - 180 , 000 
2 ON - 

Data w a s  taken on the  S. S, Manhattan before  g e t t i n g  underway and 
subsequently during t h e  voyage. Using t h e  COARSE range reading 
t h e  standard dev ia t ion  about t h e  mean w a s  ca l cu la t ed  and Table X 

l i s t s  the  r e s u l t s .  

TABLE X 

Date 
31 March 1970  
1 4  Apri l  
15 Apri l  
2 1  Apri l  
2 2  Apri l  
2 3  Apri l  
24 Apri l  

Standard Deviation ( s )  ( n m i )  
.78, -59,  . G O 1  . 8 9 ,  .95 
1 .52 ,  1.18, 1.16, 1.50 

1 .04 ,  3.05f 2,31, .89  
.57, .68, 2.24, 3 .11,  1-05 
2.44, 2 .04 r  2.27, 2 .44  

1 .23 ,  .34? - 4 2 ,  - 8 4 ,  1 . 7 7  
.61 ,  2 . 7 5 p  .56,  .33 
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The data is in good agreement with the estimated valuep 1.08 nmi. 
This is 1% of lane width, (This noise error in the FINE lane is 
masked by the quantization error,) 

Clock Stability 
The error due to clock instability is due primarily to two factors, 
initial frequency misalignment and frequency drift. 

The error due to frequency misalignment is given by 

Af 
f 
I E t  

where Af is the initial frequency error between the two oscilla- 
tors, f is the carrier frequency, E is the speed of light and t is 
the elapsed time from the initial setting. 

When the clocks are Rubidium frequency standards, the initial 

alignment can be made to two parts in 10 . Hence 12 

e 3 x lo8 e 3600 . 24 meters/day -12 Ellf = 2 x 18 

df = 50  m/day 

Two standards were compared in the AI1 laboratory before the 
voyage. No attempt was made to align the initial frequencies. 
Instead the frequency difference was compensated in the computer 
program. The results of the tests are shown in Table XI below. 

The compensation used in the computer program was 1650 m/day; 
825 m/12 hr. period, The last two days of the data agree closely 
with this number. The standard deviation about this number is 
(5 = 60 m. 

The frequency drift relation is given by 
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TABLE XI 
RUBIDIUM FREQUENCY STANDARDS INSTABILITIES 

Change of Time 
Time Interval Between Zero Crossings Equivalent Range 

0 - 1 2  hrs. 2 2 4 5  nanoseconds 674 m 

1 2  - 24  2 3 1 2  6 94 

24  - 36 2 4 1 0  7 2 3  

36 - 4 8  2 6 4 5  7 9 4  

4 8  - 6 0  2515  7 5 4  

6 0  - 7 2  

7 2  - 84 

84  - 96 

9 6  - 1 0 8  

2885  

2 6 2 0  

2 8 2 0  

2 7 2 2  

8 6 6  

7 8 6  

8 4 6  

8 1 7  

where the rate of drift of one oscillator with respect to the 

other is - Af fT" 
Hence 

The frequency standard drifts about 10 -I1 in a month. 

t 2  3 x l o 8  x 3 x 10 6 

2 
(i$ 

-11 Lf = 10 

t 2  = 4 5 0 0 ( ~ )  meters 

where T is one month. 
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Table XI1 describes the error due to frequency drift. 

TABLE X I 1  

t - 
1 day 

2 

3 

5 

10 

Emf - 
5 m  

20  

45 

1 2 5  

500 

Alignment errors 
Alignment errors if not properly compensated give a bias to range 
readings. When the system is slightly non-linear, there is usually 
a change in readings due to delays through equipments changing 
with the signal strength. The alignment error of the system is 
expected to be about 1% of the lane width due primarily to the 
linearity of the phase detector of the correlator. The uncorrected 
alignment error is expected to be about 20 meters, assuming the 
ATS-5 delays remain as measured prior to launch. 

Ouantization 
Final quantization to 300-foot intervals in the system will give 
an error of about 

-A = -  300 = 89 ft. = 25 m 
‘ 3 . 4  

where q is the quantization interval (quantum). 
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6.2,2 External Errors 

Multipath 
The error due to multipath is caused by the simultaneous reception 
of the signal over more than one path. One path is normally the 
direct signal path and the other the principal reflected signal 
path. The reflected signal is normally reflected from the ocean 
and arrives later than the direct signal traversing at least an 
extra mean path length 

AL = 2 h sin I/J 

where I/J is the grazing angle and h is the height of the antenna. 

The reflection appears to be concentrated at a specular point in the 
smooth ocean, similar in behavior to the reflection of the sun in 
the water. The ocean away from the specular point (hot spot), 
which is located at the negative grazing angle, also contributes 
but to a lesser extent than the region near the grazing angle. 
If the sea were perfectly smooth only the hot spot which would 
then approach a point would operate. The roughness of the ocean 
(the usual state) will contribute a diffusion to the mirror-like 
reflection causing a reduction in the signal strength of the 
reflected signal, a spreading in frequency and time of arrival. 

The measurement program carried out on the S. S. Manhattan pro- 
vided an opportunity to measure the effects of multipath atlow 
grazing angles from ocean as well as ice surfaces. 

Errors from multipath will be considered to be statistical rms. 
errors. The period of independence is not known but is closely 
related to the motion of the antennas on the aircraft or ship. 
The estimated error is approximately 

R (TI 
- W 

*m - 'Z 
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where W is the lane width, p is the reflection coefficient of 
the principal reflection , G (-I$) is the relative antenna gain 
at the negative grazing angle and R (T) is the autocorrelation 
function of the reflected signal. Measured extreme cancellation 
of 4 dB implies a reflection coefficient, p = -2,G(-$) = 1 when 
the elevation is 5O, r (T) has a value of .01. Then, 

0 = 4 meters m 

This is a single sample estimate of multipath from measured sea 
reflections during the Manhattan tests. 

Effects of the Ionomhere and TroPosohere 
The principal effect of the ionosphere and troposphere on the 
proposed measurement program is to increase the effective path 
length between the ATS-5 satellite and ground station or ship. 
While a part of the refractive delay is predictable with a priori 
knowledge of the geometry between the ground station or ship and 
the satellite, time of day and year, sun spot activity and sur- 
face conditions, a portion of the effect will be unpredictable, 
varying with anomalies in the ionosphere and troposphere. Exten- 
sive literature exists on refraction phenomena representing 
enormous amounts of modeling and data, The following sections 
on ionosphere and tropospheric effects are a condensation of many 
references reviewed to arrive at a reasonable estimate of both 
ionosphere and the troposphere refraction effects. 

Ionospheric Effects 
The incremental path length (difference between effective path 
length and free space path length), AL, due to ionospheric 
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refraction is (1 1 

where NT is "total electron content," Number of free electrons 

in a vertical column of one square meter cross-section 

through the ionosphere; 

Q(+) is "obliquity factorp" a function of elevation angle, +, 
to the satellite; and 

f is carrier frequency, 

The total electron content, NT, varies about its approximate mean 
of 10 /m by at least a factor of ten in each direction. Figure 23 
presents a plot of the variation in incremental path length versus 
elevation angle for. a nominal value of NT of lo1' and extreme values 
of 0 .7  x 10 
the ionosphere is with sun spot number, time of day, season and 
latitude. In addition, there are day-to-day fluctuations, simul- 
taneous spatial variations due to ionospheric irregularities, and 
short term (order of minutes) variations due to motion of the 
irregularities. 

17 2 

6 and 1.3 and 1018e The principal variation of NT in 

At 5O elevation angle from the ship to the ATS-5 satellite, the 
mean path length deviation is anticipated to be approximately 
20 feet with extreme values between 1 and 300 feet possible, Little 
change in path length is expected as the elevation angle varies 
between its maximum excursions of & 2 degrees. 

(1) Re S. Lawrence, C, G, Little, H, J, A, Chivers, ''A Survey 
of Ionospheric Effects Upon Earth-Space Radio Propagation" 
Proc. IEEE, Jan, 1964, pp 4-29.  
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The uncertainty in NT at a particular time and place is estimated 
to be approximately 30%. The uncertainty includes a f20% day-to- 
day variation, the uncertainty in smoothed sun spot number (which 
at the time of use is a predicted quantity), and uncertainties 
in the model itself. In addition, at any one time there will be 
a random spatial variation of NT due to the presence of irregulari- 
ties in the ionosphere, This variation is in the order of f 5% 
with a correlation length of a few kilometers. 

TroPosPheric Effects 
The incremental path length due to the troposphere is, in compari- 
son to the ionosphere, well predictable and independent of carrier 
frequency in the range of 100 MHz to 10 gHz. The refractivity of 
the troposphere is given by 

P 5 e  N = 77.6 + 3 . 7 3  X 10 - 
T2 

where P is total atmospheric pressure in millibars 
e is water vapor pressure in millibars 
T is temperature in degrees Kelvin 

The Central Radio Propagation Laboratory of the National Bureau 
of Standards developed and adopted for prediction of refraction 
phenomena in the troposphere the CRPL Exponential Reference 
Atmosphere model. The results of this model is plotted in 
Figure 24for two extremes of surface refractory versus elevation 
angle. With a priori knowledge of the approximate elevation angle 
to the satellite, barometric pressure and humidity atthe receiver, 
the error to the tropospheric path length can be reduced to very 
small values. 

With reference to Figure 24 at 5O elevation angle the incremental 
path length anticipated will be approximately 90 feet with extreme 
value expected of f 10 feet depending on tropospheric conditions 
at the time of the measurement. As is the case with the ionospheric 
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delay, a variation in incremental path length of & 10 feet is 
expected due to elevation angle variation between 3 

the satellite goes through one orbital period. 

0 and 7O as 

Table.xI11 presents a summary of the range errors due to internal 
and external sources 

TABLE XI11 

RANGE ERROR SUMMARY BASED ON 1 NMI LANEWIDTH 

Source 

Noise 
Clock Stability 
Alignment 
Quantization 
Multipath 
Ionospheric Delay 
Tropospheric Delay 

TOTAL - RMS Range Error 
* Residual after compensation 

Error 

20 m 
50 m/day * 
20 m 
18 m 
4 m  
6 m  
28 m 

71 m 

6.2.3 Geometric Errors 
Errors caused by the geometry of the measurement will cause 
additional dilution of accuracy. 

Satellite Position Uncertaintv 
The position of the ATS-5 satellite is known to an accuracy 
defined by an ellipsoid'with semi axes of 2, 1, and 1 km. 
The actual position of the satellite is the estimated position 
at the center of the ellipsoid plus a vector whose rms length 
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is  def ined  by t h e  i n t e r s e c t i o n  of t h e  vec tor  and t h e  e l l i p s o i d .  
This vector a t  a given t i m e  may be s h o r t e r  or longer  than t h e  
r m s  l eng th  and i t s  d i r e c t i o n  can be any d i r e c t i o n  whatsoever. 

The range t o  t h e  sa te l l i t e  from any observer  i s  t h e  range t o  
t h e  est imated p o s i t i o n  of t h e  sa te l l i t e  p l u s  t h e  scaler product 
of t h e  e r r o r  vector and t h e  d i r e c t i o n  u n i t  vec tor  from t h e  ob- 
se rve r  t o  t h e  sa te l l i t e .  The range e r r o r  i s  given by t h a t  
scaler product 

oSp = r r 
0 e 

where r i s  t h e  u n i t  d i r e c t i o n  vec tor  and re is  t h e  e r r o r  vec tor .  
0 

Two observers  a t  d i f f e r e n t  geographic loca t ions  w i l l  measure 
range with d i f f e r e n t  e r r o r s  because t h e i r  u n i t  d i r e c t i o n  vec to r s  
are d i f f e r e n t .  The e r r o r  i n  t ak ing  range d i f f e r e n c e s  between 
observers  i s  hence 

- ‘SPA - rol . re - rO2 . re 

The S. S. Manhattan a t  70° N and t h e  A I 1  p l a n t  a t  Moorestown, 
New Je r sey ,  a t  40° N are separated by about 1 8 0 0  m i l e s  on t h e  
ea r th .  
observing t h e  ATS-5. The mean vec tor  l eng th  1 Ire] 1 i s  1 . 4  km. 
The e q e c t e d  value of range error caused by s a t e l l i t e  p o s i t i o n  
uncer ta in ty  i s  given by 

Their u n i t  d i r e c t i o n  vec to r s  diverge by about 3.4O w h i l e  

1 = ( 1 4 0 0 )  (T) = 82  m ‘SPA 

maximum, 
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Geometric Dilution 
The dilution of accuracy of lines of position from equatorial 
synchronous satellites is given approximately by 

0 = OR csc L 

where aR is the total rms error of range including satellite 
uncertainty and L is latitude of the observer. 
say at TOo N latitude 

In the Arctic, 

The total range error is given by 

2 2 = (71) + ( 8 2 )  
OR 

aR = 110 m 

The net error in the LOPS is given by 

cr = (1.13) (110) = 124.m 
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7.0 RECEIVER DESCRIPTION - MODEL R-701 

7.1 Introduction 

The ORION receiver shown in Figure ZS is a highly sensitive 
L-band, all solid state equipment using a double hetrodyne con- 
figuration. The actual receiver input frequency is 1550 MHz and 
the first and second intermediate frequencies are 70 and 4 MHz, 

respectively. The first and second injection chains at 1480 MHz 

and 66 MHz are directly synthesized from the 1 MHz and 5 MHz 

outputs of the frequency standard. The receiver is a correlation 
type and is coherent with regard to the carrier modulation codes 
which are transmitted using a two-phase PSK modulation format. 
The ranging modulation rates used are 8 3 3  H z ,  8 , 3 3 3  H z  and 8 3 , 3 3 3  H z  

corresponding to 97, 9.7 and 0.97 nautical mile transmission path 
increments. The receiver is of the sample-and-hold type using a 
digital modulation tracking loop and operating only when the decoded 
received signal exceeds a predetermined signal-to-noise ratio. 

The characteristics of the receiver are outlined in Table XIV.  

The following major subassemblies make up the present ORION 
receiver : 

. RF and first mixer IF 
Local oscillator injection system 
Second mixer and IF 

. Correlator 
Digital ranging computer 

7.2 RF and First Mixer - IF 
The RF preamplifier used is a broadband unit centered at 1550 MHz 

providing a 4.5 dB noise figure. The 3 dB bandwidth is 40 MHz and 
the gain at 1550 MHz is 25 dB, A filter follows the RF amplifier 
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FIGURE 25 RECEIVER BLOCK DIAGRAM 
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TABLE %Iv 

RECEIVER CHARACTERISTICS 

Range Resolution 
Range Accuracy 
Range Lanewidth 
Maximum Range 
Lock-up Time 

Communication Rate 

Navigation Tone Frequencies 
Acquisition Bandwidth 
Lock-on Bandwidth 
Noise Figure 
Frequency 
I.F., First 
I.F., Second 
Decoders 
Modulation 
Clock Stability 
Initial Alignment 
Antenna Gain 

Antenna to Receiver 
Cable Loss 
Polarization 
Antenna Beamwidth 

0.05 nmi 
0.01 nmi 
97, 9.7, 0.97 nmi 
Global 
100 ms (continuous signal or 
spinning ATS-5) 
5 characters/sec TTY with 
spinning ATS-5 
8 3 3  Hz, 8 , 3 3 3  Hz and 8 3 , 3 3 3  Hz 
1.6 KHz 
40 or 4 Hz 
4.5 dB 
1550 MHz 
70 MHz 
4 MHz 
2 
Phase Shift Keying 
1 x 10 -I1 per day 
1 x 10 -12 

17 dB (two-foot diameter dish) 
20 dB (three-foot diameter dish) 

2.5 dB 
Right Hand Circular 

?;o (three-foot diameter dish) 
(two-foot diameter dish) 

7 - 3  



to remove the image noise. The first mixer has a balanced 
configuration and uses Schottky-barrier junction diodes. It 
has.an 8 dB conversion loss  and an 8 dE optimum noise figure 
when driven with a local oscillator injection of proper power 
level. 
IF preamplifier. 

The down converter is functionally packaged with a 70 MHz 

A 70 MHz IF amplifier with 8 MHz 3 dB bandwidth and 50 dB of gain 
follows the preamplifier. 

7.3 Local Oscillator/Iniection Chains 

Two frequency multiplier chains are used on the ORION receiver 
to provide the local oscillator injection signals to the first 
and second mixers respectively. The first chain using x 40 . 
configuration provides a nominal 10 mw 1480 MHz signal. The 5 MHz 
and 1 MHz drive signals for this chain are obtained from the 
frequency standard. Special attention has been directed at 
removing undesirable multiplication products and spurious signals 
in this chain. Adequate filtering using quartz crystal, lumped 
constant, resonant cavities and microwave stripline structures 
provides at least 60 dB of rejection to unwanted signals. 

The second local oscillator injection signal is generated from 
the 1 MHz frequency standard output using circuitry with x 66 
frequency multiplication ratio. 10 mw of 66 MHz signal is pro- 
vided and undesired spurious and harmonically related outputs are 
suppressed 45 dB. 

7.4 Second Mixer and IF 

A double balanced mixer provides the second receiver frequency 
translation to a 4 MHz IF. The output of this mixer is amplified 
in a 4 MHz IF amplifier which provides 50 dB of gain. AGC 
function is incorporated in the amplifier so that total signal 
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and noise energy can be normalized at the output of the amplifier. 
The amplifier can accommodate 5 15 dB input level variation. The 
4 MHz IF frequency chain contains crystal filters of 1.6 KHz 
bandwidth. (The response curves of the crystal filters are shown 
in Figure 26.) 

7 . 5  Correlator 

A block diagram of the correlator is shown in Figure 27 and the 
correlator specifications are listed in Table XV. 

TABLE XV 

CORRELATOR REQUIREMENTS 

Input Frequency 
Pre-correlated BW 
2 Channels 
Input Impedance 
Peak Output 
Output Impedance 
Linear Channel Gain 
Linear Channel DC Output 

4 MHz 
1.6 KHz, 3 dB 
In-phase, Quadrature 
50 ohms 
k 2.5 v 
1 K ohm 
40 dB 
DC coupled 

The correlator measures the error between the incoming modu- 
lated 4 MHz and the locally referenced 4 MHz. The output of the 
correlator is a d-c voltage proportional to the phase error 
between the two signals. 
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7,6 Diaital Trackina Loo0 

When a received signal appears at some arbitrary phase of the 
modulation codep the output of the correlator will produce either 
a positive or negative error voltage indicating a direction which 
the tracking counter must be moved in order to exactly match the 
phase of the received signal, This error voltage causes a , 

frequency counter to insert or delete pulses in the computer and 
thus move the tracking counter to a position which will ultimately 
coincide with that of the received signal modulation. 

7,7 The Sample and Hold Function 

The essential characteristic of the control loop is its ability 
to maintain a memory of the signal at any point at which the 
signal disappears; thus, as the satellite beam sweeps through the 
receiver the closed loop action proceeds at its normal rate and 
continues until the signal disappears, The loop remains at 
this position until the signal reappears and then proceeds to move 
closer to lock-up, 
and it provides the entire basis for the ability of this receiver 
to lock-up onto the spinning satellite and perform precise ranging 
measurements a 

This aciion is unique in the ORION receiver, 

7,8 Range Counter 

Following lock-up of the digital control loop, the ranging domputeq 
performs the function of precisely measuring the phase displacement 
of the tracking wave with respect to the reference wave which is 
synchronized with that at the Mojave transmitter, The range 
counter provides a 0.05 nautical mile granularity to the range 
readout. The display on the front panel of the receiver is thus 
nautical miles to the nearest 0 - 0 5  and is approximately the same 
as the range computer granularity of 0 - 2  microseconds or approxi- 
mately 300 feet, 
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Range Rate Operation 

It is of interest in most applications of a passive navigational 
system to be able to derive the velocity of the vehicle on which 
the receiver is located. The ORION receiver is provided with an 
output port where the doppler shift from the received carrier 
can be measured and thereby the radial velocity component of the 
vessel can be determined. The doppler signal is measured at the 
4 MHz IF signal point. This signal is precisely at 4 MHz for 
stationary condition to an accuracy determined by the frequency 
standards in the system. Any deviation from 4 MHz should be 
produced by the doppler shift. However, at the present time, the 
translation of frequency in the ATS-5 satellite produces a frequency 
error which tends to mask the doppler during the periods in which 
the satellite offset oscillator is warming up. As this stabilizes 
to a constant frequency, the doppler component may possibly be accur- 
ately measured. 

7 . 9  Data Channel Operation 

The data channel has the functi n of t .king the recei red signal 
from the reference channel and deriving the data information from 
the signal. The ATS-5 satellite, as it rotates on its axis, 
sweeps a beam through the receiver for a period of approximately 
50 milliseconds on each rotation. (The rotation rate is 76 RPM, 
or once every 800 milliseconds). However, the Mojave Station is 
in common time with the receiving stations (for this experiment) 
for only 30 out of the 50 milliseconds,and ranging and communica- 
tions is possible only during these 30 milliseconds. In order 
to transmit useful data during this period, it is necessary 
on the transmitting end to buffer the low data rate and transmit 
it at a higher rate during the period of common time radiation. 
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The function of the data channel in the ORION receiver is to 
demodulate the burst data signal. The ORION data channel 
output must be processed in an external box to reconstitute the 
original data rate and drive a teletype which will operate at 
approximately 40% of its normal speed, Figure 28 shows a block 
diagram of the data encoder and Figure 2 9  shows a block diagram of 
the decoder. 

7.10 Data Demodulator 

A one-way data communication link was established in the ORION 
link by superimposing the data information on the ranging code 
utilizing differential-phase shift key modulation. D P S K  modulation 
follows the rule that the phase of the transmitted signal, in 
this case the range code, is changed for a data "mark" and is 
not changed for a data "space." D P S K  modulation provides error 
rates only slightly poorer than coherent phase shift key modulation. 
This communication technique was designed and incorporated in 
the ORION receiver' and was demonstrated to be easily workable. 
Testing prior to the ship's sailing indicated that adding the 
communication data to the range code did not affect either the 
accuracy of the range measurements or degrade the probability 
of detection of the data communication signal. 

7.11 Threshold Detector 
9,'  

Figure illustrates the circuitry which measures the RF signal 
strength, the frequency and the doppler shift of the incoming 
carrier. The circuit operates by sampling the 4 MHz signal at 
the narrowband point of the chain. 
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TO COUNTER TO 
ASURE FREQUENCY 

(DOPPLER) 
(ALSO 4MHz N.B. I F  TEST 
POINT ON FRONT PANEL) 

ETECTED SIGNAL OR 
O I S E  TO RECORDER 
ALSO DET. SIG, TEST 

POINT ON FRONT PANEL) 

DICATION OF 
RRELATED RF 
GNALS 

THRESHOLD 

FIGURE 30 FREQUENCY DOPPLER, RF SIGNAL, S I G N A L  THRESHOLD 
MEASURING CIRCUITRY 

7 1 2  Reference Oscil lator 
The accuracy of  t h e  absolu te  range measurement c a p a b i l i t y  pro- 
vided by t h i s  equipment i s  d i r e c t l y  r e l a t e d  t o  t h e  s t a b i l i t y  of 
t h e  re ference  o s c i l l a t o r s ,  More exac t ly ,  it i s  d i r e c t l y  r e l a t e d  
t o  t h e  r e l a t i v e  frequency s t a b i l i t y  of t h e  re ference  o s c i l l a t o r  
used t o  generate  t h e  t ransmi t ted  range code and t h e  re ference  
o s c i l l a t o r  used t o  genera te  t h e  r e c e i v e r  ranging code. For the  
tests where t h e  r ece ive r  and t h e  t r a n s m i t t e r  modulator are i n  
c l o s e  proximity,  it i s  poss ib l e  t o  use t h e  same reference  
o s c i l l a t o r  f o r  both equipments. In  t h i s  case t h e  f a c t o r  of t h e  
s t a b i l i t y  of t h e  re ference  o s c i l l a t o r s  i s  non-existent except f o r  
long-term d a t a  c o l l e c t i o n  and c o r r e l a t i o n .  Howeverl i n  m o s t  
navigat ion systems s p e c i a l  a t t e n t i o n  must be paid t o  t h e  s t a b i l i t y  
of t h e  re ference  frequency sources.  Table X V I  compares t h e  
following four  types  of high q u a l i t y  frequency sources:  
t h e  quar tz  o s c i l l a t o r ,  t h e  Rubidium gas cel l  resonator  con- 
t r o l l i n g  a c r y s t a l  o s c i l l a t o r ,  t h e  cesium atomic beam resona- 
t o r  c o n t r o l l i n g  a c r y s t a l  o s c i l l a t o r ,  and the  atomic 
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hydrogen maser. As the table shows, the smallest, most rugged 
and least expensive is the quartz oscillator which has a stability 
of three parts in 10 per day. The next choice is the Rubidium 
standard which is also compact and light and has a stability of 
2 parts in 10 per month. The cesium atomic standard and the 
hydrogen maser standard are primary standards. These standards 
are accurate to within one part in 1011 per life of the tube. 
The hydrogen maser has greater intrinsic reproducibility but it is 
much larger in size. 

10 

11 

Comparing these sources with regard to their effect on system 
range accuracy indicates that the quartz oscillator would provide 
a range error of approximately 900 meters per day. The Rubidium 
gas resonator would have an error of 1.8 meters per day. Using 
two of these sources, one at the transmitter and one at the receiver, 
the error in range would be cumulative from day to day. This is 
not true for the primary standards. They would provide a range 
error of approximately fl meter and this inaccuracy would not change 
or be cumulative over a long-term period. 

For the ORION equipments, AI1 utilized reference signals from 
Rubidium standards for both of the L-band receivers. At the 
STADAN station a frequency standard, Type GR 115B, was used to 
drive the modulator. The Rubidium standards are rugged enough 
and reliable enough to be moved around without having their 
stability degraded. The primary frequency standards are not 
rugged enough to be transported. 

Figure 31 shows a curve of the measured relative drift of the 
two TRACOR Model 304B Rubidium standards which were used during 
this experiment, converted to error in range in feet/day. 
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TABLE .XYI 

REFERENCE OSCILLATORS 

TYPE STABILITY 

Quartz Oscillator 3 x 10 /day -10 

GR 1115B Oscil- 
lator (Mojave after aging 
STADAN Equipment) 

5 x 10-lO/day 

-11 Rubidium Gas Cell 
Resonator Control- 2 x 10 /mo 
led Oscillator 
(TRACOR Model 304D) 

Cesium Atomic Beam 
Resonator Control- fl x 104”/life 
led Oscillator 

Atomic Hydrogen +1 10-ll/life 
Maser 

Ft/day 

-5500 

-5000 

-4500 

ADVANTAGES 
Inexpensive, light 

Compact and light 

Primary Standard 

Best intrinsic 
reproducibility 
Primary Standard 

D I SADVANTAGES 
Long-Term 
stability 

Not a primary 
standard 

Not rugged 

Size and 
Weight 

! 

4 

/- 
! 

i i 
I 
I 
f 

I 

8PM 8AM 8PM 8AM 8PM 8AM 8PM 8AM 8PM 8AM j p  
Sat Sun Mon TUeS Wed Thars 

March 21 22 23 24 25 26 . 

FIGURE 31 RUBIDIUM FREQUENCY STANDARD DRIFT CURVE 
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7.13 R F I - E M 1  Design 

Special attention has been directed at the areas of radio 
frequency interference ( R F I )  and electromagnetic interference 
( E M I )  in the design of the O R I O N  receiver and modulator. All 
of the circuits in the equipment are operated from regulated 
power supplies which will provide high isolation between the. 
primary A-C power busses and the equipment circuitry. Shielding 
is provided so that radiated interference is controlled. The 
internal signal levels within the equipment are less than 1 watt, 
and the shielding integrity controls the radiated signals. 

7.14 Mechanical Design 

The O R I O N  receiver and modulator are rack mounted equipments, 
where all the subsystems use maximum number of standard size " A I I "  

modules (boxes). Only the circuits, requiring special considerations 
due to wave lengths, such as stripline filters, are of other than 
l ' A I I 1 '  boxes. 

The individually packaged circuit modules can be easily modified 
or replaced with new designs where necessitated by additional 
performance specifications. The modularized concept expedites 
the fabrication and testing phases and provides rapid maintenance 
capability. The individually shielded modules also provide 
satisfactory R F I  integrity. 

Figures 32 and 33 show actual photos of the O R I O N  equipment 
illustrating the above packaging concept. The mechanical design 
of the modules utilizes extruded aluminum frames which have an 
irridite finish for corrosion resistance. Most of the modules 
are identical in size so that all of the mechanical parts are 
completely interchangeable. 
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(b) ORION Modulator 

FIGURE 32 ORION SYSTEM EQUIPMENT 
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(a) Correlator Assembly (b) L-Band Front  End 

(c) L. 0. I n j e c t i o n  Chain 

F I G U R E  33 O R I O N  SUBASSEMBLIES 
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8 . 0  MODULATOR - MODEL M-701 

This section describes the ORION modulator Model M-701 which 
was delivered and installed at STADAN NASA station as part of 
this contract. 

8 . 1  Specifications 

RF Input: 
Frequency : 
Power : 

Impedance: 

Connector: 

RF Output: 
Frequency: 
Power : 

Impedance: 

Connector : 

Modulation: 
Internal : 

5.0 MHz 
0 dBm minimum 
+10 dBm maximum 
5 0  ohms nominal 
max VSWR 2 : 1 
Front panel female BNC 

70 MHz carrier 
0 dBm max 
-6 dBm nominal 
-10 dBm minimum 
50 ohms or 75 6 h s  
max VSWR 3 : l  
Front panel female 75 ohm type N 

ORION compatible range tone generaticn, 
of COARSE, MEDIUM and FINE tones, i,e,, 
8 3 3  H z ,  8 , 3 3 3  Hz and 8 3 , 3 3 3  Hz manually 
controlled, or automatically controlled 
one minute of 8 3 3  Hz, one minute of 
8 , 3 3 3  Hz and eight minutes of 8 3 , 3 3 3  Hz 
cycled until interrupted, 
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0 volts to 95 volts (TTL compatible] at a 1666 Ha; rates 
superimposed on the FINE modulation tone e 

105-l25 volts AC! 

60-400 HZ 

Size: 
P 

Rack Mount, 19'' wide, 5%'' high, 14'' deep 

15 pounds (approximate) 

0 to 955OC 

8.2 

8.2.1 Introduction 
The Model M-701 Modulator can provide a -10 dBm to 0 d 
PSK modulated carrier capable of driving a transmitter. The only 
inputs that are required are a 5 MRa standard signal and 115 VAC. 
Internally, the model. is capable of providing three modulation 
rates for ranging. External modulation. can be accepted and data 
at a 1666 Ha rate can be superimposed on the FINE modulation tone, 

8.2.2 Description of Front Panel Controls 
The modulator front panel is shown in Figure 3 4 .  The modulatc5r 
equipment has been shown in Figure 32, 
tors are as follows: 

The controls and indica- 

OM : AC Power Activated 
OFF : AC Power H o t  Activated 

Reset 
Returns automatic cycle to start position 
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Modulation Mode Selection 
Auto : Modulation frequency cycles (1 minute COARSE, 

1 minute MEDIUM, 8 minutes FINE, data channel 
activated 235 minutes into cycle, The cycle 
then. repeats,) 

MEDIUM: (Modulation frequency is 8 3 3 3 . 3  Hz,) 
FINE: (Modulation frequency is 8 3 , 3 3 3  Hz,) 
DATA : (Modulation frequency is 8 3 , 3 3 3  Hz and 

data channel is activated,) 

Manual : COARSE: (Modulation frequency is 8 3 3 , 3  Ha, )  

EXTERNAL: The 70 MHz carrier can be modulated 
externally at 'any rate from DC to 4,O MHz, 

Modulation mode lights indicate the actual mode of operation 
of the modulator. 

Connectors 
5 MHz in: Connection for signal from 5 MHz standard, 
70 M H z  out: Connection for 70  MHz PSK signal output. 
Data input: Connection for input data at a 1666 H z  rate, 

TTL level compatible, 

TTL level compatible, 
External Mod: Connector for external modulation. 

TTL level compatible. 

Sync Signal at 1666 Ha for clocking in data, 

8 . 3  

The AI1 Model M-701 Ranging Modulator is an all solid state 
signal processor designed to generate the range code pattern 
required by the ORION navigation system, The modulator accepts 
a 5 MHz reference standard and multiplies it to 70 MHz where it 
is P S H  modulated. The unit is designed to operate automatically 
in the ORION mode, completely unattended, or it can be controlled 
manually while generating ORION range tones. 

I 
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In addition, a front panel modulation input provides a means of 
externally supplying a signal to PSK the carrier. This iny;ut is 
compatible with TTL logic levels, ieeet a signal level of zero volts 
represents a "0" and a signal level of + 3  volts represents a "1," 

The 70 MHz modulated carrier output will deliver -10 dBm to 
0 dBm into a 75-ohm load, 

The M-701 modulator is self contained, requiring only AC power and 
clock frequency to operate, 

Model M-701 modulator utilizes shielded modular type design for 
RE' (analog) stages for R F I  integrity and easy maintainability, 
The tone-code generator utilizes standard plug-in printed circuit 
boards generally associated with digital circuitry, Self test 
features, such as mode indication lights, are provided on the 'front 
panel e 

8,3.1 Description of the Block Diagram 
The block diagram of the M-701, shown in Figure 35, can be divided 
into five major sections: (1) the multipler chain, (2) the PSK 

modulator, ( 3 )  the digital frequency generator, (4) the transmitter 
control and (5) the power supplies. The following paragraphs present 
a description of the circuit details of each of these sectionsR 

8,3.2 Multiplier Chain 
The multiplier chain generates a stable 70 MHz carrier from the 5 MHa 
standard frequency utilizing a x7, x2 multiplication configuration.' 

The 5 MHz clock input enters the ORION modulator through a BNC 
connector located on the front panel. This signal is divided 
equally in a.power splitter, one half being furnished to the 
digital frequency generator and the other half being used to 
drive the multiplier chain, The multiplier drive signal in the 
-3 dBm to +7 dBm level excites a step recovery diode multiplier 
having a multiplication ratio of seven, The circuit requires no 
external voltages and has a nominal conversion loss  of 7 dB. 
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70 MHz 

-10 dBm to 0,dBm 
T40DWLATOR Output 

DRIVER 

RANSMITTE 

GENERATOR 

.C 15 V 

POWER SUPPLY 
I 

POWER SUPPLY 

0 dBm to + lOdBm 

F I G U R E  35 MODULATOR CONFIGURATION 

The output of the x 7 multiplier at 35 MHz is then amplified 
in a class AB amplifier that is matched into and out of 50 ohm 
impedances. The amplifier has a gain of 24 dB and is capable of 
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furnishing up to 400 mw of output. The amplifier is of very 
conservative design, being biased so that it is uncondition6lly 
stable and using components derated well below the recommended 
levels. The output of the 35 MHz amplifier is passed through 
a 35  MHz band pass filter, to remove any undesired multiplication 
products. The filter is a five-section lumped constant design, has 
a 3 dB bandwidth of 1 MHz and has an insertion loss of 2 dB. 

The 35 MHz signal is then multiplied by two to 70 MHz in the. 
transistor circuit designed similar to a series varactor diode 
multiplier circuit. The main elements in this design are an 
input matching circuit, an input idler circuit tuned to the 
second harmonic, an output impedance transformer and an output 
idler circuit tuned to the input fundamental frequency. The 
transistor is biased close to cut-off in a Class B mode. This 
insures that the input signal will easily drive the transistor 
into cut-off and into its nonlinear region, thus producing the 
desired multiplication. 

The power dissipated is less than 800 mw and does not require 
a heat sink for operation over the temperature range of 0 to +55OC. 

The 70 MHz carrier is then attenuated and filtered in a 70 MHz 
three-section bandpass filter. The output of this filter provides 
a clean carrier which will be PSK modulated. 

8 . 3 . 3  PSK Modulator 
The actual phase shift key modulation of the 70 MHz signal is 
done in a double balanced mixer. Switching the diode pairs in 
the mixer from one state to the other causes the phase shift through 
the device to change by 180°. 
the diodes is provided by the modulator driver. The driver con- 
sists of 4 transistors and converts standard TTL logic levels 
into a symmetrical drive signal with the current capability of 

The proper drive level to switch 
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fully switching the diodes. The input modulation signal is 
internally furnished by the digital frequency generator at the 
rates of 8 3 3  Hz, 8 , 3 3 3  Hz or 8 3 , 3 3 3  Hz. External modulation may 
also be utilized, by applying an appropriate digital signal to 
the external modulation BNC connector and switching the front - 
panel mode control to the external modulation position. 

8 . 3 . 4  Digital Frequency Generator 

The digital frequency generator produces the required internal 
modulation signals for the modulator and provides timing (sync) 
so that external data may be clocked in properly. 

The 5 MHz sinusoidal signal from the power splitter is counted 
down to provide the proper signals and timing. This signal is' 
shaped using a DC comparator and buffer and is then divided by 
three to 1.6666 MHz. 
The 1.666 KHz is divided by two to obtain the 8 3 3  Hz COARSE 
modulation tone. Likewise 8 . 3 3 3  KHz is obtained from the second 
divide-by-ten to provide the MEDIUM modulation tone: 166.666 KHz 
is divided by two to provide the FINE modulation tone. 
division is performed in a flip-flop which also superimposes any 
data present on the FINE ranging tone. This circuitry, consisting 
of eleven dual-in-line IC packages, is mounted on a printed circuit 
board. 

This signal is divided by l o 3  to 1.666 KHz. 

This 

8 . 3 . 5  Transmitter Control Board 

The transmitter control board contains the required circuitry 
to control and program the digital frequency generator. When in 
the manual mode (when the modulation tones are selected manually) 
gates on this card selected the proper modulation tone. The major 
functions provided by the board circuitry is the timing and 
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switching requi red  by t h e  automatic mode. When t h i s  mode i s  
used, t h e  modulation sequence i s  COARSE f o r  one minute, MEDIUM 

f o r  one minute and FINE f o r  e i g h t  minutes.  Th i r ty  seconds a f t e r  
t h e  FINE modulation starts,  d a t a  may be superimposed on t h i s  
tone.  To provide t h e  t iming, a counter  of t e n  minutes du ra t ion  
dr iven  from t h e  1 .666  KHz s i g n a l  from t h e  frequency generat ion 
i s  used. 

This counter  provides  outputs  a t  one minute,  t w o  minutes and 
two and one-half minutes during ten-minute i n t e r v a l s .  These out- 
pu t s  provide t h e  recyc l ing  requi red  f o r  t h e  automatic mode. The 
counter may be reset by pushing t h e  reset button on t h e  f r o n t  
panel 

8.3.6 Power Supplies 

Two dual  power supp l i e s  i n t e r n a l l y  f u r n i s h  a l l  requi red  DC power 
f o r  t h e  modulator. 
60 t o  4 0 0  Hz. The output  vo l tages  provided are f 1 5  VDC a t  1 0 0  m a ,  
+5 VDC a t  1 . 0  amp, and + 24  VDC a t  350 ma. These vol tages  a r e  
brought o u t  and d i s t r i b u t e d  from a te rmina l  s t r i p  a t  t h e  rear of 
t h e  modulator. 

Both of t h e s e  supp l i e s  opera te  from 105 - 125 VAG, 
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9.0 RESULTS AND CONCLUSIONS 

The following results, conclusions and reasonable deductions 
have been derived from the results of this experiment. 

a. 

b. 

C. 

d. 

e. 

f. 

It is possible to achieve reliable lock-up and 
demodulation'of signals from the ATS-5 spinning 
satellite within approximately 100 milliseconds of 
accumulated signal time. This is equivalent to 
two or three bursts of signal produced as the beam sweeps 
through the receiver antenna. 
Stable and repeatable range measurements can be ob- 
tained from the correlation receiver which enable compu- 
tation of lines of position (LOPS) to a precision of 
1% of the lanewidth. 
The LOPS as determined from the satellite navigational 
signals can be reconciled to position fixes obtained 
from other navigation systems on board to within 
values ranging from zero to 1.3 nautical miles from 
day to day. This is a relative measure of accuracy 
inasmuch as the references being compared against do 
not have confirmable accuracy values. 
Carrier-to-noise ratios of 18.5 dB are achievable in 
a 1.6 KHz bandwidth at elevation angles as low as 1.8O 
using a three-foot diameter dish antenna. 
Effects attributed to multipath produce a variation 
on the value of no greater than f 2 dB. 
The ORION system can perform reliably with a signal 
margin as low as 6.5 dB C/N. 
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g* 

h. 

i. 

j e  

A three-foot diameter parabolic dish antenna is 
sufficient to produce the required signal levels for 
reliable system operation through all variations in 
sagellite elevation angles, Evidence exists that 
under many operating conditions a two-foot dish may 
be satisfactory. Antenna pointing appears to be a 
relatively simple task to be performed either manually 
or with a simple mechanical positioner. 
It is entirely feasible to superimpose data communica- 
tion signals on the ranging modulation to achieve 
effective simultaneous ranging and data reception. 
The potential simplicity and reliability of a passive 
user navigational system is evidenced by the fact that 
the ORION receiver operated for 750 hours continuously 
with no down time due to electronic malfunction. 
The present frequency drift in the ATS-5 master 
oscillator together with the motion of the satellite 
prevents the measurement of doppler frequency shift 
measurements. Thus, it is concluded that velocity 
measurements under present satellite conditions must 
be made by deriving the best estimate of the range 
slope. This can be readily accomplished by computation 
of range slope over a number of rotations of the 
satellite. 

Three general conclusions resulting from this experiment are 
presented below, 

a. L-band signal transmission via a synchronous satellite 
can produce precise and stable range measurements 
which are the foundation for precision navigation systems 
of the future. 
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be The ATS-5 synchronous satellite, although presentiy 
in a spinning mode, fulfills all essential require- 
ments €or feasibility experimentation to prove con- 
cepts involved in L-band position fixing experiments. 
Additionally, data relaying concepts can also be 
demonstrated and evaluated. 

c. The relative simplicity of the equipment involved in 
this experiment leads to the conclusion that an un- 
complicated equipment complement involving simple 
procedures is possible for widespread marine use in the 
future. This passive navigation system will provide 
instantaneous position fixing across broad areas of 
the globe at relatively low cost for each user. 
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APPENDIX A 

RANGE DATA REDUCTION METHOD 

INTRODUCTION 

This s e c t i o n  s h a l l  descr ibe  t h e  range d a t a  reduct ion method 
which w a s  employed f o r  t h e  determinat ion of l i n e s  of p o s i t i o n  
(LOPS) of t h e  S. S. Manhattan during t h e  ATS-5--ORION--S. S. 

Manhattan experiment. An at tempt  w i l l  be made t o  trace t h e  ORION 

range reading from t h e  moment a t  which they w e r e  recorded u n t i l  
t h e  l i n e s  of p o s i t i o n s  w e r e  determined. 

LINES OF P O S I T I O N  

A l i n e  of  p o s i t i o n  i s  def ined t o  be a s t r a i g h t  l i n e  conta in ing  
t h e  s h i p ' s  pos i t i on .  The l i n e  of  p o s i t i o n  i s  p l o t t e d  by f i r s t  
t ak ing  t h e  nea res t  ha l f  degree value of  t h e  l a t i t u d e  near t h e  ship.  
On t h e  l a t i t u d e  l i n e  a po in t  of l ong i tud ina l  i n t e r s e c t i o n  i s  lo-  
ca ted  and a l i n e  which has a given azimuth angle  i s  drawn through 
t h i s  po in t .  Two range readings,  one from S. S. Manhattan and 
one f r o m  A I 1  l abo ra to ry ,  are taken f o r  t h e  determination of t h e  
LOP . 
DATA RECORDING 

A computer te rmina l  w a s  connected t o  t h e  ORION receiver a t  the  

A I 1  l a b o r a t o r i e s  so t h a t  t h e  range reading could be d i r e c t l y  and 
automatical ly  t r a n s f e r r e d  t o  a punched tape ,  The range d a t a  on 
t h e  S .  S. Manhattan was recorded on t h e  d i g i t a l  p r i n t e r  and then 
manually key punched t o  paper tape.  Then, both t apes  w e r e  fed 
i n t o  t h e  computer which p r i n t e d  ou t  each day ' s  range information 
a s  w e l l  as t h e  RMS, mean, and noise  var iance of t h e  ranging 
information recorded f o r  t h a t  da t e .  Sample p r i n t e r  d a t a  s h e e t s  
a s  w e l l  as t h e  converted d a t a  i s  shown i n  Appendix B. 
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LINES OF POSITION DETERMINATION 

The lines of position determination is based upon the composite 
range readings which takes into account the smooth composite 
readings which were calculated from the COARSE, MEDIUM and/or 
FINE lanewidth positions. The COARSE reading is an approximate 
measure of actual range. Range bins of width of 9 .7  nautical 
miles are defined and the bin containing the COARSE reading ahd 
defined by its lower value is taken. The MEDIUM reading is added 
to that number, resulting in a better estimate of the true range. 
The procedure may be repeated in order to add the FINE tone 
reading. If the composite value differs from the original COARSE 
reading by 5 or more the procedure is repeated by increasing or 
decreasing the COARSE reading bin by one. 

One computer program is designed for real time processing. ORION 
COARSE, MEDIUM and FINE readings which were obtained on the S. S. 
Manhattan were transmitted to AI1 by radio telephone and entered 
into the processing along with direct range readings taken at AII. 
The computer formed the composites and returned the LOP azimuth 
angle, as well as the assumed latitude and the calculated longi- 
tude of a point which could be located on a chart and through 
which the LOP can be drawn. Due to the time lag between the actual 
reading on the S. S. Manhattan and the radio telephone call to 
AI1 laboratories, real time determination of LOPS was next to 
impossible and, therefore, batch processing for position determina- 
tion was implemented. b 

BATCH PROCESSING FOR LINES OF POSITION DETERMINATION 

Computer printed data, such as shown in Appendix B,-was the basis 
for the determination of lines of position. Noise in the system 
was taken into account by averaging and calculating the mean 
values of the range readings. It should be noted at this point 
that some range readings which were obtained on the S. S. Manhattan 
were not smooth and continuous because of EM1 and power interrup- 
tions discussed elsewhere in this report. 
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DERIVATION OF THE COMPUTER PROGRAM 

Introduction 
This section describes the method of position determination of 
the S. S. Manhattan using a computer. The computer program had 
to take into account all factors which had a direct or indirect 
effect on the position determination. These factors were 
satellite ephemeris data, which is given in Appendix D, systems 
errors and biases, which are described in Section 6, and the day- 
to-day range reading values, which were specially processed for 
the computer. Since the shape of the earth is not spherical, 
three unknowns are to be determined: latitude, longitude and 
geocentric range. One unknown can be determined on the basis 
of range measurements to the satellite. The other two unknowns 
must be assumed using approximate known position of the ship so 
if the latitude is assumed known, the geocentric range of the 
ship may be determined by using the ellipsoid of revolution model 
of the earth. 

Mathematical Derivation of the Comm3uter Proaram 

The instantaneous position of the S. S. Manhattan is given by 
the three quantities, as, $s and A s  where as is the radius of 
the earth at the ship, while q S  and Xs represent its latitude and 
longitude, respectively. 

Since the shape of 
revolution, as may 

as = [ (Ee cos 

where 

the earth is approximately an ellipsoid of 
be approximated by 

Ee = equatorial radium = 3443.92 nmi 
E = polar radius = 3432.37 nmi. P 
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Hence two unknowns, q S  and A S P  need to be determined in order to 
specify the ship's position. Since range measurements to only 
one satellite are available, one of the unknowns needs to be 
assumed. It is convenient to assume khat the latitude is known. 
The significance of this choice is explained later in this seet'ion. 
We note that the latitude only needs to be known to the nearest 
half degree. 

Additional subscripts A and M refer to quantities pertaining 
to the ATS-5 satellite and the AI1 laboratories at Moorestown, 
New Jersey, respectively. From geometric considerations, it 
follows that the distance between ship and satellite is given by 

where RA is the satellite geocentric range. 
geocentric angle between rays as and RA and is related to the 
various latitudes X and longitudes JI by 

The angle ySA is the 

cos y = cos qs cos $A cos ( A s  - A A )  + sin qS sin $A SA 

A corresponding range equation holds for the relations pertaining 
to the range of the ship. The range readings at the S. S. Manhattan 
and AI1 contain errors introduced by the Rubidium frequency clocks. . 
Thus at a particular instance we really measure 
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Because t h e  d i s t ance  t o  t h e  nearest l ane  boundary i s  measured 
and not  t h e  a c t u a l  range t o  t h e  s a t e l l i t e ,  the range readings 
are ambiguous. However, r e l a t i v e  reference p o i n t s  may be es tab-  
l i s h e d  by determining range readings a t  a known l o c a t i o n  (prefer -  
ably when t h e  platform i s  s t a t i o n a r y  and then  sub t r ac t ing  these 
readings from subsequent range de termina t ions) .  The r e l a t i o n s h i p  
governing t h i s  c a l c u l a t i o n  is:  

where subsc r ip t  "0" denotes t h e  re ference  poin t .  

I f  t h e  range equat ion f o r  A I 1  i s  subt rac ted  from equat ion (5)  f o r  
t h e  sh ip ,  a t e r m  of  t h e  following form w i l l  r e s u l t :  

T h i s  t e r m  r ep resen t s  t h e  behavior of t h e  c lock on the  S .  S. 

Manhattan r e l a t i v e  t o  t h e  clock a t  A I I .  Since both clocks are 
good Rubidium s tandards ,  o r i g i n a l  ( i .e. ,  t = 0 )  frequency o f f s e t  
and phase d r i f t  can be minimized and, of course,  measured, Hence 
t h e  s a t e l l i t e - t o - s h i p  range 

is cor rec t ed  by the  f a c t o r  A t  + B t 2  represent ing  clock e r r o r s .  
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Equations (7) and (3) may be used to determine the ship's 
location in longitude or latitude, Frovided the other coordinate 
is known. In a two-satellite geometry the position can be uniquely 
determined since two equations in two unknowns are available. 

SA 
Solving equation (2) fo r  cos y 

2 2 - 1 IrS - 
AS -I- RA cosy = SA 

2aSRA 

If the latitude of the ship is known, the ship's longitude follows 
from Equation (3) 

-1 cosySA - sinqS sin$A ., A s  = X A  - cos [ 

(NOTE: The above equation's signs are valid only for the smaller 
western longitudes.) 

If known longitude was assumed instead of latitude, a fourth 
degree polynominal in sines and cosines of $ would result owing 
to the fact that the earth's radius at the ship is not known for 
this set of assumptions. 

S 

With the S .  S. Manhattan located in the northern hemisphere and 
east of subsatellite point, the line of position extends from 
east of south to west of north. 
is thus between 90° and 180° of true north. 
angle on the earth's surface between the arc from subsatellite 

The azimuth angle of the LOP AzLOpv 
If 6, represents the 
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point to the S. S. Manhattan and the local longitude circle, 
we find from spherical trigonometry that: 

-1 sin ( A A  - A s )  6, = sin 

and AzLOp = 7T/2 -t a, 

Therefore, the azimuth of the satellite is 

AzA = IT + B, 

while the elevation is given by 

-1 RA sin ySA E = cos 

The distance from the satellite to the S. S. Manhattan is 
determined as follows. We assume a left handed coordinate system 
with the x-axis passing through the meridian of Greenwich and in 
the equatorial plane. The z-axis is along the polar axis. The 
y-axis completes the coordinate system. The x and y coordinates 
of the ship’s position are given by 

x = as cos cos A S  

y = as cos qS sin A s  

We now consider the state of affairs in the local tangent plane. 
The LOP passes through the point for which the longitude was just 
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determined (xl,, yl)e The equation of the LOP in normal form is 

Hence the distance from the ship's position (x2,y2) to the line 
is 

h = a cos QS S - x21sin B 1 + 

where I 1 indicate the absolute value. 

The conversion of this mathematical derivation into a computer 
program is given in the next section, The program accounts for 
all the biases of the system and only the satellite ephemeris 
data and the ORION range readings (from both A I 1  and S. S. Manhattan) 
are required for lines-of-position determination. 

Computer Program for Determining Lines of Position 

An analysis was presented in previous section, leading to equations 
by which the lines of position of the S. S. Manhattan can be 
calculated. The computer program of these equations and its execu- 
tion is discussed in this section. 

The program is written in the XTRAN language for time-sharing and 
executed by an XDS 940 computer. Comment statements are included 
at various locations within the programp indicated by * *  They 
refer to the immediately following program section. An attempt 
was made to assign, wherever possible,, meaningful names to the 
various calculated quantities. 
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A f t e r  some cons tan t s  are def ined ,  Moorestown and Mojave parameters 
are given: Moorestown l a t i t u d e  (ALAT), co r r ec t ed  for map error 
(ERLAT), (see equat ion 8 )  longi tude (ALNG),  and earth r a d i u s  (ARE) .  

ALTMJ, ALNGMJ, and AREMJ have t h e  corresponding meaning f o r  Mojave. 
( In  passing,  w e  no te  t h a t  t h e  Mojave d a t a  i s  not  e s s e n t i a l  t o  
determine t h e  LOPs. I t  i s  included i n  order  t o  c a l c u l a t e  the  
Mojave-to-ATS-5-to-AI1 range, which provides  a check on the  
Rubidium standard a t  A I I . )  

I f  both Rubidium standards keep running con t inua l ly  from day t o  
day, t h e  LOPs may be ca l cu la t ed  on t h e  basis of re ference  va lues  
e s t ab l i shed  a t  the ear l ier  date. These va lues  are en tered  as 
B I A S  and RSHA1: 

BIAS = Manhattan reading - A I 1  reading 
RSHAL - (Range from Manhattan t o  ATS-5) - (range f r o m  A I 1  t o  

ATS-5) 

Otherwise, these re ference  va lues  are t o  be re -es tab l i shed .  
When no clock f a i l u r e  has occurred,  XDAY i s  entered  as a f r a c t i o n  
of mul t ip l e  of days s ince  l a s t  execution. Otherwise, XDAY i s  
ze ro .  I O  r e f e r s  t o  t h e  number of ephemeris d a t a  p o i n t s  t o  be 
read and JPNTS refers t o  t h e  number of range readings t o  be 

used i n  LOP ca l cu la t ions .  

The next  va lue  accepted from the console i s  IPOS. I f  t h i s  v a r i a b l e  
i s  assigned a negat ive va lue ,  re fe rence  va lues  (BIAS and, RSHA1) 
are t o  be ca l cu la t ed ,  a t  Format N u m b e r  6 .  If t h i s  value i s  zero 
or or,e, re ference  va lues  a r e  assumed t o  be ava i l ab le .  For IPOS < 0 ,  

sh ip  l a t i t u d e ,  longi tude ,  re ference  l a t i t u d e  and re ference  t i m e  
a r e  accepted. The re ference  l a t i t u d e  r ep resen t s  t h e  nea res t  
l a t i t u d e  t o  wi th in  1 / 2  degree t o  be used i n  LOP c a l c u l a t i o n s .  
Reference t i m e  i s  t h e  t i m e  corresponding t o  t h e  s h i p ' s  p o s i t i o n ,  
which w a s  j u s t  en te red .  The r ad ius  of t h e  e a r t h  a t  t h e  Manhattan 

- 
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is then calculated as SHRE. Range readings from the ship (SHMOD), 

AI1 (AMMOD) at time TIM are entered next for the JPNTth (<  JPNTS) 
execution. The satellite ephemeris is interpolated for the time 
at which the readings were taken. The next item of particular 
interest is RSHS1, which represents the range from the ATS-5 to 
the S .  S .  Manhattan. 

- - 

This value is compared to the same range based upon the geometry. 
When either clock has suffered a casualty, the difference between 
these two ranges becomes very large. The same situation results 
when the S. S. Manhattan moves from one COARSE lane into the next 
one. This difference divided by 100, called XI, and the nearest 
integer I < XI are exhibited to the programmer. It is his option 
at this point to eliminate as many lanes as deemed necessary. A 

change of 1 in I corresponds to about four degrees in longitude. 
In practice, it was found however that when clock failure had 
occurred initialization of the program was the only answer. 

, -  

The quantities of interest are the azimuth angle of the LOP, 
its longitude at the intersection with the reference latitude, 
satellite azimuth and elevation and are calculated next. 

The last two calculations before printout or acceptance of a new 
data point are Mojave-ATS-5-AI1 range, RAMJ, and distance from 
ship's position to the just-determined LOP. 

The following computer printout shows a typical execution cycle. 

The computer program follows. 
A-1 0 
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S I B  l=SIRDL*CSSLAI'/SXNSHS 
COSEl=SPRT( l.-SXRBl*sIRB 1) 
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MAP ERROR 

Maps and charts are designed to be used with stellar position 
fixing. The local horizon is used to measure the heights of 
several stars or planets. The location is determined by calcu- 
lating the circles of position on a spherical earth and then the 
intersection of the several small circles. The charts and maps 
are hence derived from and agree with a spherical earth model. 

Since the earth more closely approximates an ellipsoid of 
revolution about the polar axis the charts and maps are in error 
by a calculable amount. There is essentially no map error in 
the longitude measurement. The latitude numbers used by cartographer 
and geometrician will be in agreement only at the equator and 
poles. The maximum error of the map will occur at latitudes of 45O. 

The relation giving the error is given 

AS = 12 sin 2L (miles/minutes of arc) 

The true latitude is map latitude minus AS, where L is positive 
in the northern hemisphere. Latitudes indicated on the map are 
too large. 
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APPENDIX B 

D e t a i l  P r i n t o u t  of L i n e s  of Pos i t i on  and t h e  ATS-5 Ephemeris Data 

The computer p r i n t o u t s  presented i n  t h i s  Appendix conta in  d e t a i l  
ca l cu la t ed  information of t h e  p o s i t i o n  of t h e  S .  S. Manhattan 
and ATS-5. The computer program and i t s  de r iva t ion  which w a s  
used t o  ob ta in  these  p r i n t o u t s  i s  descr ibed i n  Appendix A. The 
following is  t h e  explanat ion of  t h e  p r i n t o u t .  

Each d a y ' s  p e r t i n e n t  sh ip  p o s i t i o n  and the  re ference  t i m e  i s  
p r i n t e d  ou t .  Also t h e  ATS-5 ephemeris d a t a  f o r  t h e  t i m e s  corres-  
ponding t o  t h e  t i m e  of  LOP determinat ion i s  given. The re ference  
l a t i t u d e  i s  t h e  l a t i t u d e  rounded o f f  t o  t h e  nea res t  ha l f  degree.  
Readings taken a t  t h e  Manhattan (MANH) and a t  t h e  A I 1  l a b o r a t o r i e s  
( A I I )  t oge the r  with t h e  t i m e  a t  which these  readings w e r e  taken 
are inpu t s  t o  t h e  computer program. The longi tude i n  degrees  
(DEG) and minutes ( M I N )  i s  a computer ca l cu la t ed  value which 
provides one po in t  through which t h e  LOP i s  t o  be drawn when 
combined w i t h  t h e  re ference  l a t i t u d e .  The azimuth angle  of t h e  
LOP t o  be drawn i s  given i n  the  next column (LOP ANGLE, D E G . ) .  

The two columns following give t h e  t r u e  e l eva t ion  and azimuth 
angles  of t h e  ATS-5 (EL SAT AZ) from t h e  po in t  of p o s i t i o n  of 
t h e  S. S. Manhattan a t  t h e  l i s t e d  t i m e .  The LOP d i s t ance  (LOP 

DIST)  i s  t h e  d i s t a n c e  between t h e  re ference  or f i r s t  LOP and 
any successive LOP. It  i n d i c a t e s  t he  cumulative e f f e c t  of 
s h i p ' s  motion. R ( M 0 J - A I I )  i s  t h e  range from Mojave t o  A I I .  This 
value provides  a check on t h e  clock a t  A I I .  I f  t h e  c lock a t  A I 1  

would s u f f e r  an i n t e r r u p t ,  t h e  d i f f e rence  between t o t a l  range 
and clock would show a jump from one nea r ly  cons tan t  level t o  
another l e v e l .  These l e v e l s  a r e  constant  within t h e  l i m i t s  of 
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residual noise and atmospheric effects, which are discussed in 
Section 6. 

As described in Appendix A, the values printed out are smoothed 
values over ten samples for both the S .  S .  Manhattan and AI1 
readings. 

An occasional reading in excess of the lane width of 97.21 nmi 
may be observed. This is a mathematical convenience to maintain 
the relative difference in ship and AI1 readings. This occurs 
whenever a lane boundary was passed. 
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APPENDIX C 

Positions of the S. S. Manhattan as they were determined by 
other navigational systems on board are listed in this Appendix. 
A l s o  the ship's heading and speed is listed opposite the times 
indicated. 

Ship's heading is given at specific times on the days during 
the latter part of the voyage even though the vessel was 
maneuvering most of the time during those days due to concen- 
trated ice conditions. 

The other navigational systems used on board the S. S. Manhattan 
were: Loran, Transit, Omega, solar fix and dead reckoning. 

Positions of S. S. Manhattan 
From 3-31-70 throuqh 4-23-70 Ship s 

Date Time Lat N Long W Type Fix Heading (knots) 
Ship s Speed 

~ - - ~~~~ 

3-31-70 12002 36.9821 76.4413 Transit Stanry In Port 
4-1-70 12002 
4-2-70 12002 
4-3-70 12002 
4-4-70 12002 

12402 
13002 
13152 

4-7-70 12002 
12202 
12452 
13152 
13552 

4-8-70 12002 

36.9821 76.4413 
36.9821 76.4413 
36.9821 76.4413 
37'37 74O06 ' 
37O45' 73O57 
37.777 73.843 
37.8223 73.1615 
47.992 52.274 
48.1035 52.2632 
48.1881 52.254 
48.2924 52.2382 
48.4195 52.207 
52.78 51.31 

Transit 
Transit 
Transit 
Loran 
Loran 
Transit 
Transit 
Transit 
Transit 
Transit 
Loran 
Loran 
Transit 

Stanry 
Stanry 
Manvrg 
055O 
055' 
055O 

004O 
004' 
004O 
004O 
003O 

In Port 
In Port 
Out of Port 

16.2 
16.8 
16.2 

11.5 
11.5 
12.2 
11.9 
12.0 
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Positions of S. S. Manhattan 
From 3-31-70 through 4-23-70 

(continued 1 

Date Time Lat N Lona W 

4-8-70 

4-9-70 

4-10-70 

4-11-70 
4-14-70 

4-15-70 

4-16-70 

4-17-70 

4-18-70 
4-21-70 

4-22-70 
4-.23-70 

12102 
13102 
13222 
120Q2 
12252 
12422 
12442 
13202 
13512 
14102 
14102 
21402 
00172 
10322 
loo02 
14002 
14342 
17302 
23002 
14302 
14502 
16162 
16002 
19002 
14002 
14002 
16002 
14002 
14002 

~ ~ 

52.81 51.30 
53O01' 51O18' 
53.04 51.29 
58O09' 5lo0O1 
58.233' 51.027 
58.336 51.017 
58O20' 51'04' 
58.494 51.002 
58.632 50.987 
58O43' 51'09' 
58.658 50.97' 
65O50.5 I 54'58 ' 
66O09' 54O53' 
67O58 ' 56'05' 
67O52 ' 56'05' 
7 O'N 56.92O 
69.89O 56.99O 
69.83 56.99 
70.30 56.38 
70°34 ' 56O44 ' 
70.587 56.91 
70.588 56.915 
70°49 ' 57'27 I 

70.79O 57.48O 
71°00' 57'36' 
71O50' 58'30' 
72O10' 58'54' 
72O12 58'50' 
72.52O 58.78O 

Ship I s 
Type Fix Heading 

Transit 
Loran 
Transit 
Loran 004O 
Transit 
Transit 003O 
Omega 
Transit 
Transit 
Omega 
Transit 
Transit 347O 
Omega 
Dead Rec 
Dead Rec 346O 
Dead Rec 348O 

Transit 348O 
Transit 324O 
Dead Rec 337O 
Transit 
Transit 
Dead Rec 335O 
Transit 
Dead Rec 350° 
Dead Rec O I O o  

Dead Rec 355O 
Dead Rec 0 to 025O 
Transit 3 3 Oo- 0 05O 

Transit 349O 

Ship s 
Speed 
(knots) 

15 

14.9 

13.7 

8 
0 
0 
0 
0 

0 to 6 

0 to 6 

0 to 6 
0 to 8 
0 

0 to 14 
0 to 6 

c-2 



Pos i t ions  of S. S. Manhattan 
From 3-31-70 through 4-23-70 

(continued) 

Ship s 

Date T ime  L a t  N Long W Type Fix  Heading (kno t s ) .  
Ship s Speed 

4-23-70 1 6 0 0 2  72.59O 58.56O Trans i t  
4-24-70 2 3 0 0 2  73.  50° 59.34O Trans i t  280-340° 0 t o  8 

4-25-70 1 6 0 0 2  73O48 '  60°05' Dead R e c  
4-26-70 1 6 0 0 2  74O02 '  61O01 '  Dead R e c  
4-27-70 1 6 0 0 Z  74O20 '  62OOO' Dead R e c  
4-28-70 1 6 0 0 2  75OOO' 65OOO' Dead R e c  
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APPENDIX D 

The received frequency measurements given in this appendix were 
made at the wideband second IF test point of the ORION receiver. 
The wave analyzers, HP 312A model, were used for this purpose 
at both the AI1 laboratory and on board the S. S. Manhattan. 

PRECISE 2ND IF FREQUENCY DURING SIGNAL RECEPTION 
Received Frequency Measurement on Board the S. S. Manhattan 

Date - 
3- 31 - 70 

4-1-70 

4-2- 70 

4- 3- 70 

4- 4- 70 

2 
T i  me 

1230 
1243 
1256 
1305 
1349 

1205 
1222 
1245 
1250 
1318 
1353 

1206 
1217 
1226 
1244 
1254 
1302 
1315 

1226 
1232 
1248 
1305 
1353 

1222 
1242 
1304 
1314 
1324 
1334 
1354 

- 
IF Frequency 

4082.87 
4082.85 
4082.87 
4082.85 
4082.88 

KHZ 

4082.48 
4082.57 
4082.62 
4082.65 
4082.66 
4082.72 

4082.53 
4082.25 
4082.65 
4082.69 
4082.68 
4082.72 
4082.62 

4082.64 
4082.14 
4082.60 
4082.67 
4082.73 

4082.46 
4082.52 
4082.54 
4082.54 
4082.57 
4082.59 
4082.63 

Z 
T i  me - Date 

p_ 

4-7-70 1244 
1347 
1358 

4-8-70 1229 
1355 

4-9-70 1233 
1315 
1353 

4-10-70 2246 
2333 
2353 

4-11-70 1012 
1045 

4-11-70 1057 
1136 
1153 

4-14-70 1431 
1455 
1515 
1622 
1642 
1724 
1734 
1754 
1814 
1834 
21 03 
2114 
2200 

IF Frequency 
KHZ 

4082.64 
4082.58 
4082.72 

4082.61 
4082.70 

4082.76 
4082.75 
4082.75 

4082.62 
4082.63 
4082.63 

4082.62 
4082.68 

4082.72 
4082.76 
4082.78 

4082.68 
4082.44 
4082.50 
4082.65 
4082.59 
4082.68 
4082.68 
4082.67 
4082.67 
4082.67 
4082.72 
4082.73' 
4082.74 
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PRECISE 2ND IF FREQUENCY DURING SIGNAL RECEPTION 
Received Frequency Measurement on Board the S. S. Manhattan 

(continued ) 

Date 

4-15-70 

4-1 6-70 

4-1 7-70 

4-1 8-70 

4-21 -70 

4~22-70 

4-23-70 

4-24-70 

Z 
Time 

1412 
1442 
1504 
1514 
1654 

1444 
1518 
1626 

1704 

1457 
1544 
1814 
1834 
1844 

1454 
1654 
1704 

1419 
1424 
1604 

1442 
1602 
1702 

231 0 
231 7 
2342 
0004 
0054 

IF Frequency 
KHZ 

4082.40 
4082 e 55 
4082.58 
4682 e 59 
4082 68 

4082.54 
4082.60 
4082.68 

4082.70 

4083.15 
41 83.12 
4083 e 40 
4083.48 
4083.65 

4083.40 
4083.50 
4083 e 58 

4082 e 80 
4082.80 
4083 e 20 

4084.44 
4083.05 
4084.29 

4082 e 30 
4082.10 
4082.42 
4082 e 52 
4082 62 
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PRECISE 2ND I F  FREQUENCY DURING SIGNAL RECEPTION 

R e c e i v e d  Frequency Measurement a t  AI1 Laboratory 

D a t e  
T ime 

2 
I F  Frequency 

K H z  

4-3-70 

4-4-70 

1226 
1353 

1232 
1242 
1304 
1314 
1324 
1334 
1348 

4082.64 
4082.73 

4082.45 
4082.62 
4 082.53 

4082.59 

4082.63' 
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